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Abstract

Photovoltaic (PV) is attracting increasing interest as an important contribution
to renewable energy supply. Organic photovoltaic (OPV) is a comparable
young PV technology with a great potential towards low cost solar power.
This is due to the intrinsic advantage of the incorporated organic semiconduc-
tors which are soluble. Solution processing allows high throughput coating
and printing processes. Hence, energy intensive high temperature and vacuum
steps can be avoided which reduces the fabrication costs and keeps energy
payback times low. The performance of organic solar cells strongly depends
on the structure of the solution cast photoactive layer which comprises a
polymer-fullerene blend. The blend structure evolves during the film drying
step which has been studied in this thesis.

Starting point of this work was the hypothesis that drying process pa-
rameters are suitable for systematically tuning the structure formation during
drying of solution cast polymer-fullerene films in order to generate optimized
structures with improved photovoltaic performance. For the evaluation of this
hypothesis the structure formation of the polymer-fullerene system Poly(3-
hexylthiophene-2,5-diyl):[6,6]-Phenyl  Cg-butyric  acid methyl ester
(P3HT:PCBM) was investigated incorporating 1) thin film drying kinetics, i1)
phase behavior of polymer-fullerene solutions, ii1) structure formation and iv)
the drying process-structure-property relationship of solar cells. The generali-
ty of the obtained results has been studied in comparison with the behavior of
Poly {[4,40-bis(2-ethylhexyl)dithieno(3,2-b;20,30-d)silole]-2,6-diyl-alt-(2,1,3-
benzothidiazole)-4,7-diyl} (PSBTBT).

1) Within this thesis a dedicated coating and drying setup was developed
which afforded precisely defined coating and drying process conditions as
prerequisite for all obtained results. For the first time, the drying behavior of
finally a few hundred nanometer thin films could be investigated at five
measurement positions with laser reflectometry simultaneously. This allowed
the elaboration of a spatially resolved numerical thin film drying model.

i1) In conjunction with the measurement and simulation of the evolution
of film composition it was required to determine important instants of phase
transitions such as solubility limits. Therefore the binodal region of P3HT
solutions has been determined in the temperature range of 0°C-60°C. Within
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the unstable region P3HT solutions phase separate into a sol and a gel phase.
The fullerene PCBM exhibits only a single solubility limit.

11i1) In order to correlate the expected phase transitions according to the
phase diagrams with the real structure formation, the above mentioned
coating and drying setup was combined with synchrotron based in situ
grazing incidence X-ray diffraction (GIXD) measurements. This gave unique
insights into the mechanisms and dynamics of polymer-fullerene blend
crystallization. After reaching P3HT solubility the crystallization proceeded
with well-oriented interface-induced P3HT nucleation followed by P3HT
crystal growth with increasing orientation distribution of the crystallites and
PCBM aggregation in the final drying period. Furthermore strong polymer-
fullerene interaction forces could be derived. By increasing the PCBM
fraction it could be shown for the 1:2 P3HT:PCBM ratio that PCBM mole-
cules brake the (020) m-n-stacking of P3HT lamellae which signifies a dra-
matic loss of hole mobility and consequently reduced device performance. It
is further notable that increasing drying temperatures reduce the amount of
(020) m-m-stacked P3HT molecules but lead to an increased amount of P3HT
(100) crystallinity. Hence, drying temperature determines the preferred
direction of crystal growth.

1v) Besides a finer degree of phase separation, reduced drying tempera-
tures also cause a higher amount of m-m-stacked polymers, longer effective
polymer conjugation length, increased amount of vertical charge transport
pathways and an increasingly rough topography due to larger polymer aggre-
gates. Jointly this leads to improved power conversion efficiency at lower
drying temperatures. Based on the elaborated knowledge a strategy for a 40%
reduction of drying time with only small drawbacks in solar cell performance
could be developed.

Finally it was important to investigate the transferability of the obtained
knowledge to other material systems. PSBTBT:PC;;BM blends show simi-
larities to that of P3HT:PCBM with partly interface induced polymer nuclea-
tion and subsequent fullerene aggregation in the final drying stage. The
kinetics of molecular ordering however proceed fast enough such that the
drying process under the investigated conditions cannot limit the structure
formation. Hence, P3BHT:PCBM is a suitable model system due to its sensitiv-
ity to many process parameters. According to the process influence on novel
materials the results of this thesis can serve as a source for appropriate
process strategies.
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Zusammenfassung

Im Zuge des Ausbaus erneuerbarer Energien wichst das Interesse an Photo-
voltaik (PV). Organische Photovoltaik (OPV) ist eine vergleichsweise junge
Technologie mit groem Potential zu kostengiinstiger Solarenergie. Dabei
stellt die Loslichkeit der verwendeten organischen Halbleiter einen intrinsi-
schen Vorteil dar. Beschichtungs- und Druckprozesse von organischen
Losungen ermoglichen eine grof3flachige Herstellung mit hohen Durchsétzen.
Dadurch konnen energieaufwéndige Hochtemperatur- und Vakuumschritte
vermieden werden, was Kosten und Energieriicklaufzeiten gering hilt. Die
Leistung organischer Solarzellen hidngt wesentlich von der Struktur der
fotoaktiven Schicht ab, die ein Polymer-Fulleren-Gemisch enthilt. Diese
Struktur bildet sich wéhrend der Filmtrocknung aus, was im Rahmen dieser
Arbeit untersucht wurde.

Startpunkt dieser Arbeit war die Hypothese, dass der Trocknungsprozess
systematisch zur Beeinflussung der Strukturbildung in Polymer-Fulleren-
Gemischen genutzt werden kann, um damit optimierte Strukturen mit gestei-
gerter PV Leistung zu erzeugen. Zur Evaluation dieser Hypothese wurde die
Strukturbildung des Systems Poly(3-hexylthiophene-2,5-diyl ):[6,6]-Phenyl
Ce1-butyric acid methyl ester (P3HT:PCBM) untersucht. Dies umfasste die
Bereiche 1) Filmtrocknung diinner Schichten, ii) Phasenverhalten von Poly-
mer-Fulleren-Losungen, 1ii1) Strukturbildung und iv) Prozess-Struktur-
Eingenschaftsbeziehung der fotoaktiven Schicht. Die Ubertragbarkeit der
gewonnenen Erkenntnisse wurde mit dem Verhalten von Poly{[4,40-bis(2-
ethylhexyl)dithieno(3,2-b;20,30-d)silole]-2,6-diyl-alt-(2,1,3-benzothidiazole)-
4,7-diyl} (PSBTBT) untersucht.

1) Als Grundvoraussetzung fiir diese Arbeit wurde ein Trocknungskanal
mit automatisierter Beschichtungseinheit entwickelt, was definierte und
reproduzierbare Prozessbedingungen gewihrleistete. Darin konnte mit
Laserreflektometrie erstmalig das Trocknungsverhalten von letztendlich
wenige hundert Nanometer dicken Schichten simultan an fiinf Positionen
gemessen werden. Anhand der gewonnenen Messdaten konnte ein lateral
aufgelostes Filmtrocknungsmodell erarbeitet werden.

1) Zusammen mit der Messung und Simulation der Filmtrocknung war
es notig die wahrend der Trocknung durchschrittenen Phaseniibergédnge wie
z.B. Loslichkeitsgrenzen zu bestimmen. Fir P3HT Losungen wurde die
Binodalkurve im Bereich von 0°C-60°C bestimmt. Innerhalb des instabilen
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Zusammenfassung

Bereichs phasensepariert die Losung in eine Sol und Gel Phase. PCBM
Losungen zeigten hingegen nur eine einfache Loslichkeitsgrenze.

1i1) Um die anhand der Phasendiagramme erwarteten Phaseniibergéinge
mit der realen Strukturbildung korrelieren zu kdnnen, wurde der Trocknungs-
kanal mit Synchrotron basierter in situ Rontgenbeugung im streifenden
Einfall (GIXD) fiir Echtzeitmessungen wéhrend der Trocknung kombiniert.
Somit konnten erstmalig die Mechanismen und die Dynamik der Polymer-
Fulleren-Kristallisation wihrend der Trocknung beobachtet werden. Mit der
Uberschreitung der P3HT Loslichkeit kam es zur grenzflicheninduzierten
P3HT Keimbildung gefolgt von kristallinem P3HT-Wachstum mit steigender
Orientierungsverteilung und abschlieBender Fulleren Aggregation. Des
Weiteren wurden starke Polymer-Fulleren Wechselwirkungen nachgewiesen.

Unter erhohtem PCBM Anteil konnte fiir eine P3HT:PCBM (1:2) Mi-
schung nachgewiesen werden, dass PCBM Molekiile die (020) n-n-Stapelung
der P3HT Lamellen unterbrechen, was starke Einbuflen in der Lochmobilitit
und somit einen Leistungsverlust der Solarzelle bewirkt. Aullerdem wurde
mit ansteigender Trocknungstemperatur ein verringerter Anteil w-7-
gestapelter Polymere, aber ein erhohter Anteil an P3HT (100) Kristallinitit
nachgewiesen. Demzufolge eignet sich die Trocknungstemperatur zur Steue-
rung der bevorzugten Kristallisationsrichtung

iv) Neben einer feineren Phasenseparation bewirkt die Absenkung der
Trocknungstemperatur einen Anstieg m-n-gestapelter Polymere, eine ldngere
effektive Konjugationsldnge, einen erhdhten Anteil vertikaler Ladungstrans-
portpfade und eine erhohte Oberflachenrauigkeit. Gemeinsam fiihrt dies zu
einer erhohten Leistungsfahigkeit fiir niedrige Trocknungstemperaturen.
Anhand der erarbeiteten Erkenntnisse konnte eine Strategie zur Reduktion der
Trocknungszeit um 40% mit nur geringen Leistungseinbuflen entwickelt
werden.

AbschlieBend wurde die Ubertragbarkeit der gewonnenen Erkenntnisse
auf andere Stoffsysteme untersucht. PSBTBT:PC;BM zeigt ebenfalls eine
grenzflicheninduzierte Kristallisation mit abschlieBender PCBM Aggregati-
on. Die Kinetik der Molekiilanordnung verlduft jedoch schnell genug, sodass
der Trocknungsprozess nicht limitierend auf die Strukturbildung wirkt.
Aufgrund seiner hohen Sensitivitdt gegeniiber der Prozessierung erwies sich
P3HT:PCBM somit als ein geeignetes Modellsystem. Die Ergebnisse dieser
Dissertation kdnnen je nach Prozesseinfluss bei neuen Materialien als Quelle
zur Entwicklung passender Prozessstrategien genutzt werden.
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1 Introduction

Photovoltaic (PV) is attracting increasing interest as an important contribution
to renewable energy supply. This trend is getting strengthened by increasing
price of fossil fuels, concerns over vast amounts of green house gases and
upcoming discussions about the back out of the nuclear energy supply. In
2009, the world consumed in total 11164.3 million tons oil equivalent of
fossil fuels corresponding to about 4.675x10°° J of primary energy consump-
tion. [1] The total annual solar energy available to the earth is approximately
3.9x10** J/a which is equivalent to 1.08x10'® kWh [2] with a global mean of
about 170 W/m? [3]. This is more than 8000 times the world primary energy
consumption. So if harnessed properly, solar energy can be used to cover the
global energy needs. Presently, commercially dominating photovoltaic
modules are based on crystalline silicon (first generation PV) or thin film
techniques (second generation PV) as for instance copper indium gallium
selenide (CIGS) or cadmium telluride (CdTe) solar cells. Silicon solar cells
require energetically intensive high temperature processes, which leads to
energy payback times in the range of 2-5 years [4-6]. On the other hand thin
film solar cells like CIGS and CdTe can be fabricated more efficiently by
vapor deposition, which reduces the energy payback time to about 1 year for
CdTe. However, such thin film solar cells commonly require processing
under high vacuum which still demands high needs of energy if the vapor
deposition rates limit the fabrication throughput. Particle based printing
processes and evaporation under ambient conditions are therefore under
development for thin film PV.

In addition to the mentioned inorganic PV technologies organic
photovoltaics (third generation PV) could make solar energy more affordable
with energy payback times potentially in the order of months or weeks. No
high temperature or high vacuum processes are required and the fabrication
process can be conducted in a large area, so called roll-to-roll (R2R) coating
process, from solution. Solution processing is an intrinsic advantage of
soluble organic semiconductors'. The mechanical flexibility of the active

"In 2000 A.J. Heeger, A.G. MacDiarmid and H. Shirakawa received the Nobel Prize for Chemistry
“for their discovery and development of conductive polymers”.
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layer with thicknesses below 500 nm allows for the realization of flexible [7-
10], stretchable [11] or solar cells on paper [12] or as textile fibers [13, 14].
Although light weight and mechanical flexibility offers many interesting
applications for organic photovoltaic (OPV) their efficiency is not yet com-
petitive with the inorganic counterparts. Table 1.1 depicts the current state of
some exemplary photovoltaic technologies.

Table 1.1: Selected record efficiencies for different organic and inorgan-
ic solar cell devices [15, 16].

Classification Efficiency Test Center (Date) Manufacturer
Organic polymer 8.3% NREL (11/10) Konarka

Organic (tandem) 8.3% FhG-ISE (10/10) Heliatek

Dye sensitized 10.4% AIST (08/05) Sharp

Silicon (crystalline) 25% Sandia (03/99) UNSW PERL
Silicon (multicryst.) 20.4% NREL (05/04) FhG-ISE

Silicon (amorphous) 10.1% NREL (07/09) Oerlikon Solar Lab
GaAs (thin film) 27.6% NREL (11/10) Alta Devices

CIGS 20.3% FhG-ISE (08/10) ZSW

CdTe 16.7% NREL (09/01) NREL

However, the advantage of OPV is the considerable reduction of fabrica-
tion costs which would make this technology competitive even at PCE below
those of inorganic solar cells. Reduced fabrication costs of the solution cast
layers of the OSC can be reached by large area coating and printing processes.
For this purpose different coating techniques like knife over roll [17], slot die
[17-20], screen printing [10, 17-19, 21, 22] and gravure coating [18, 23] have
been proven to be suitable for large area fabrication of organic solar cells
(OSC). Further large area deposition techniques are spray coating [24-28] and
ink-jet printing [29, 30]

Recently, Krebs et al. have evaluated the cost of their R2R fabricated
OSC to be 89 €/m? and 8.1 €/W,, [19], where the latter depicts the costs per
generated electric power at standardized 1000 W/m? illumination and Air
Mass 1.5 (AM 1.5) light spectrum. Even though the cost in €/W,, is compara-
ble to the cost for electricity using existing technologies the levelized cost of
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1.1 Principles of organic solar cells

electricity (LCOE) is expected to be significantly higher than the existing
technologies due to the inferior operational lifetime. Currently available OPV
devices are thus competitive for consumer electronics but ill-suited for on-
grid electricity production [19]. Dennler et al. estimated that OPV can become
competitive at 7% efficiency and a lifetime of 7 years [31]. Although the
maximum power conversion efficiency shows a fast progress and has reached
presently a record efficiency of 9.2% at laboratory scale [32], many details
from physical fundamentals up to the influence of the fabrication process on
the device properties remain unclear. This thesis focuses therefore upon the
fabrication process-device property relationship in order to facilitate the
transfer from laboratory results to large scale manufacturing.

1.1 Principles of organic solar cells

In photovoltaic devices sunlight is absorbed in the photoactive layer, which
excites electrons. Subsequently electrons and defect electrons, so called holes,
are separated and collected at the electrodes. By this process a voltage in-
between both electrodes is generated, which serves as power source.

In inorganic photovoltaic devices thermal energy at room temperature is
sufficient for the dissociation of the photo-induced electron-hole pair within a
single material (homojunction). In contrast to inorganic PV, organic semicon-
ductors exhibit higher binding energies of the electron-hole-pair, also called
exciton [33] which requires the incorporation of a second material in a so
called heterojunction [34]. In this concept two materials with differing
HOMO and LUMO energy levels are brought into contact with each other
(Figure 1.1).

If electrons are excited at the light absorbing electron donator by photon
absorption from the HOMO to the LUMO level, they leave a positive charge
(hole) at the HOMO. Subsequently the excitons have to diffuse within the
electron donating material to the interface with the electron accepting materi-
al. The diffusion distance is limited by the exciton lifetime to about 5-10 nm
before recombination [35-37]. At the donator-acceptor interface the lower
LUMO energy level of the electron acceptor is energetically preferred. If the
LUMO-LUMO energy level difference exceeds the electron-hole binding
energy, the charge carriers can be separated at the interface. LUMO positions
of the polymer and acceptor separated by roughly 0.3 eV are expected to yield
satisfactory charge separation and prevent charge recombination. [38-40]

3
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Subsequently, the charges travel within the appropriate phases to the elec-
trodes: holes within the electron donator phase (here polymer) and electrons
within the electron acceptor phase (here fullerene). The theoretical voltage
maximum of the solar cell device at open-circuit conditions (no current) V.
can be determined from the difference of LUMOcceptor- HOMOgonor-

EAMN
Cathode
Light |©
VOC,max
Jﬁ
V.
Anode
HOMO
[
HOMO
Electron Electron
Donator Acceptor

Figure 1.1: Energy level scheme of the steps of exciton generation, diffu-
sion, dissociation and charge transport to the electrodes within each
phase for the heterojunction concept. (According to [38])

For efficient solar cells it is worthwhile to generate short diffusion paths
to the donator-acceptor interface, because of the very limited exciton diffu-
sion length. Another important fact is the correlation of the amount of sepa-
rated excitons with the donator-acceptor interface area, which should be as
high as possible. Short exciton diffusion paths and an increased donator-
acceptor interface can be achieved by the mixture of both phases. Figure 1.2
depicts a simplified scheme of the intermixed donator-acceptor structure of
the bulk heterojunction (BHJ) concept [41, 42] and the typical architecture of
a polymer solar cell. The challenge of the BHJ structure is to optimize the
maximized interface area on the one hand, by providing sufficient interpene-
trating charge transport pathways to the electrodes [43]. Charges that are
generated at isolated domains remain trapped and cannot contribute to solar
energy harvesting. It should be mentioned, that the image of clearly separated
pure phases does not reflect the real character of interpenetrating morphology
[44]. Additionally the crystallinity and the orientation of crystallites within
the phases are of importance for the charge carrier mobility [45-47]. The solar
4



1.1 Principles of organic solar cells

cell architecture comprises a transparent indium tin oxide (ITO) anode on top
of the substrate (glass slides or plastic foils), followed by the solution pro-
cessed  hole conductive layer  Poly(3,4-ethylendioxythiophene):
Poly(styrenesulfonate) (PEDOT:PSS) and the active layer (here
P3HT:PCBM). On top of the active layer it is common to deposit a calci-
um/aluminum cathode' by evaporation through a shadow mask.

PEDOT:PSS 30nm

ITO-Anode 120nm

Glass
Anode (transparent)

Fhoton T Sunflight t

Ca-Cathode
h'V P3HT “. ”Electron
Js ' | P3HT:PCBM 200nm
I o B
P -Vt .

Figure 1.2: Structure of the polymer solar cell with approximate film
thicknesses. Electron donor (P3HT) and acceptor (PCBM) are blended
together to maximize the interface area where exciton dissociation into
electrons and holes takes place. For an efficient photocurrent, each ma-
terial must provide a continuous path for electron and hole transport to
the respective contact. Isolated domains can collect charges and cause
recombination.

For the electrical description of organic photovoltaics, the two-diode-
model is suitable [48]. The equivalent circuit scheme of this model is shown
in Figure 1.3, where /. is the generated photocurrent, D; the diode that
determines the dark current and D, represents recombination losses. Rg and Rp
represent the series and parallel resistance.

' For large area coating applications the moisture and oxygen sensitive calcium layer has to be
replaced [10, 263, 264][265].
5
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Figure 1.3: Equivalent circuit scheme of an organic solar cell.

The current density-voltage characteristics (JV-characteristics) describe
the behavior of an organic solar cell and can be related to parameters of the
equivalent circuit. The JV-curve of a solar cell corresponds basically to the
characteristics of a diode shifted about the amount of the photocurrent (Figure
1.4a). This is the case if the resistances and recombination losses are inde-
pendent from illumination of the device. The point at the JV-curve where the
generated power (P =V - I) reaches a maximum is called maximum power
point (MPP). The highest voltage at the solar cell is reached at open-circuit
conditions (I = 0) and is denoted as V,,. or U,.. The highest current is reached
under short-circuit conditions (V' = 0) and denoted as /. or as J,. for the area
related current density. The power conversion efficiency # (PCE) of a solar
cell is determined by the ratio of generated electric power to the incident light
power.

_VMPP'IMPP _‘/OC'ISC'FF

n = 11
Piigne Piignt

The fill factor FF' describes the ratio between the power at MPP and the
product of V,.and /.
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Figure 1.4: a) Current density-voltage (JV) characteristics of a solar
cell. Dark curve (dashed line) and under illumination (solid line). b) JV-
characteristics for an “ideal” solar cell (1) with negligible series re-
sistance and almost infinite parallel resistance. Case (2) exhibits a finite
parallel resistance and case (3) an increased series resistance. [49]

The series and parallel resistance are important for the performance of
solar cells. An ideal solar cell exhibits an infinite parallel resistance and a
negligible series resistance (case 1 in Figure 1.4b). This ideal case is usually
not reached. The parallel resistance is proportional to the reciprocal slope of
the JV-curve for IV < 0 before the diode breaks through. Decreasing parallel
resistance is expressed by an increasing slope in forward regime at high
voltage (case 2 in Figure 1.4b). The series resistance can be derived from the
reciprocal slope at comparatively high voltages, since it is the determining
parameter in that range. An increased series resistance is expressed by a
decreasing slope at V,. (case 3 in Figure 1.4b).

1.2 Organic semiconductors

For the investigation of the impact of fabrication scenarios on the solar cell
properties of organic solar cells, the well-established electron donating
polymer poly-(3-hexylthiophene) (P3HT, Figure 1.5) was mainly investigated
in this thesis. The transferability of the observed mechanisms and correlations
as obtained for P3BHT was accomplished for the low band gap polymers
poly{[4,4-bis(2-ethylhexyl)-cyclopenta-(2,1-b;3,4-b’)dithiophene]-2,6-diyl-
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alt-(2,1,3- benzothiadiazole)-4,7-diyl} (PCPDTBT, Figure 1.5) and the
similar polymer containing a silicon bridging atom poly{[4,40-bis(2-
ethylhexyl)dithieno(3,2-b;20,30-d)silole]-2,6-diyl-alt-(2,1,3-benzothidiazole)-
4,7-diyl} (PSBTBT', Figure 1.5).

P3HT PCPDTBT PSBTBT

Figure 1.5: Structures of the investigated electron donating polymers.

OCH,

[61]PCBM [71]PCBM

Figure 1.6: Structures of the investigated electron accepting fullerene
derivatives. [50]

In the photoactive layer, these electron donating polymers are combined
with electron accepting fullerene® derivatives like [6,6]-phenyl C61-butyric
acid methyl ester (PC4;BM, Figure 1.6) and [6,6]-Phenyl C71-butyric acid
methyl ester (PC7,BM, Figure 1.6). Reasons for the incorporation of these two

"' In literature the abbreviation Si-PCPDTBT is also common.
* Harold Kroto, Robert Curl and Richard Smalley were awarded the 1996 Nobel Prize in Chemistry
for their roles in the discovery of buckminsterfullerene and the related class of molecules, the

fullerenes.
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1.2 Organic semiconductors

types of materials and the concept of organic solar cells shall be explained
below in section 1.1

One property which all organic semiconductors have in common is the
conjugated m-electron system, i.e. alternating single and double bonds, along
the entire molecule of the organic semiconductor. In this configuration all
carbon atoms exhibit a sp>-hybridization state. While the three sp*-orbitals are
ordered planar as indicated in Figure 1.7 (right), the unhybridized p,-orbital
stands normal to the sp>-orbital plane. Within the sp>-orbital plane, single
bonds (o-bonds) are formed. Overlapping p,-orbitals of neighboring carbon
atoms can additionally form a weaker n-bond, which leads in sum to a double
bond. For the case of alternating single and double bonds, p,-orbitals can
either overlap with one or the other neighboring carbon atom which is a
dynamically changing process. In time average this leads to the delocalization
of m-electrons in one large m-orbital over the entire conjugated electron
system. This interaction of p,-orbitals within one molecule leads to the
formation of a multitude of possible electronic states. In the non-excited
ground state electrons will occupy energetically favorable states, which is the
Highest Occupied Molecular Orbital (HOMO). This molecular orbital is the
analogue of the valence band in inorganic semiconductors. The Lowest
Unoccupied Molecular Orbital (LUMO) represents the analogue of the
conductive band in inorganic semiconductors.

In this work polymers are used as hole conducting (p-type) electron do-
nating materials and fullerene derivatives as electron accepting and conduct-
ing (n-type) compounds. Figure 1.7a exemplarily depicts the unit cell of the
hole (h") conducting polymer P3HT, which exhibits a conjugated electron
system along the polymer backbone. Hence, charges can travel along the
polymer backbone within the plane of sp*-orbitals due to overlapping p,-
orbitals.

The charge transport from one polymer backbone to the other, where the
distance of the hexyl-side chains must be overcome is not possible, since the
side chains are not part of the conjugated electron system [51]. Because p,-
orbitals protrude out of the plane of 6-bonds which are formed by sp*orbitals
(indicated as grey planes in Figure 1.7), polymers tend to stack in a manner
such that p,-orbitals additionally overlap in the (020) stacking direction
according to the crystallographic nomenclature. This effect is called m-mt-
stacking and it provides additional charge transportation in p,-orbital direction
normal to the plane of -bonds.
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p,-Orbital

sp’-Orbital

Figure 1.7: a) Scheme of hole (h+) transport in P3HT along the polymer
backbone and in m-m-stacking direction indicated by red arrows. The
spacing in intra layer (100) and inter layer (020) n-n-stacking are denot-
ed as d,y) and dyy respectively. b) Drawing of sp*-hybredized orbitals.

The average chain length of P3HT investigated in this thesis
(My = 40.000 — 60.000 g/mol, polydispersity = 1.7-1.9) is in the order of
several hundred thiophene units. The effective conjugation length of
polythiophene, which is the length of continuously delocalized m-electron
system along the polymer backbone, is typically in the range of =10
thiophene units [52, 53]. Reasons for the low conjugation length can be
distorted polymers and kinks along the backbone [54]. These barriers must be
overcome by so called hopping processes of the charge carriers. In amorphous
materials hopping processes are the dominating charge transport mechanism,
which usually leads to lower charge carrier mobility in comparison to semi-
crystalline materials.

1.3 Morphology of polymer-fullerene blends

The performance of organic solar cells strongly depends on the phase separat-
ed polymer-fullerene structure which forms by self assembly during the
solvent evaporation step subsequent to the coating process [55-58] and can
further be modified by post process treatments, such as thermal [59-63] or
solvent annealing [64-66]. Domain sizes, degree of crystallinity, molecular
orientation and the interpenetrating network geometry are important morpho-
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1.3 Morphology of polymer-fullerene blends

logical parameters for the optimization of solar cell performance. Several
review articles discuss the crucial importance of morphology for the efficien-
cy of OPV and demand an improved understanding of the driving assembly
mechanisms [67-70]. Due to the paramount relevancy of this topic it has been
of great research interest worldwide over the past years. The knowledge about
morphology and its relation to the physical properties of solar cells are still
under progress.

At the beginning of this thesis the image of morphology was basically a
three dimensional phase separated structure of pure donor and acceptor
domains. Since the structures are very small (desired in the range of a few
tens of nanometers) and the optical contrast is very low for the predominantly
carbon containing materials, it has been very challenging to obtain reliable
images of the film structure by common microscopy methods. This section
gives a brief overview about common methods for the structural investigation
of BHJ blends. Several review articles give a broader overview of appropriate
experimental techniques [51, 71-73]. Morphology aspects are discussed in
more detail in chapter 4 in conjunction with results obtained in this work,
which contributed to an improved and more detailed image of the polymer-
fullerene blend structure. In the following, the presently most relevant tech-
niques and reported results are exemplarily discussed with some selected
publications.

Molecular scale: X-ray diffraction and scattering  X-ray techniques are
in general suitable for the investigation of crystalline structures. For the
determination of crystallographic structures in thin films they are commonly
operated at very low angles of the incident beam close to total reflection in the
order of 0.1-0.2 degree, which is called grazing incidence [74]. Grazing
incidence X-ray diffraction (GIXD) or similar techniques have been used in
numerous publications for the determination of the crystalline polymer
structure and their orientation with respect to the substrate [75, 76]. Recent
works exploited the advantage of bright synchrotron' based X-ray sources for
in-situ measurements during thermal [63, 77, 78] or solvent annealing [79].
By changing the angle of incidence it is even possible to adjust the penetra-

" A synchrotron is a type of cyclic particle accelerator in which the magnetic field and the electric
field (to accelerate the particles) are synchronized with the travelling particle beam.
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tion depth of the X-ray beam and probe the structure vertically resolved. In
this work GIXD could be applied for the first time for monitoring the molecu-
lar ordering of polymer-fullerene blends during film drying in real time [58,
80, 81], which is explained in more detail in section 4.2.1. This technique
provides quantitative information on polymer chain spacing, their orientation
with respect to the substrate, domain size (correlation length) and the relative
amount of crystallites (related to signal intensity). The detectable structure
scale ranges from the molecular scale to the size of crystalline domains.

Cluster and domain scale: Neutron scattering  Kiel et al. demonstrated
by the application of small angle neutron scattering (SANS) at polymer-
fullerene blend films that small scale crystallites form superior aggregate
structures [82, 83]. Thermal annealing leads to increasing PCBM cluster
sizes. This method is very useful, since it covers the intermediate structural
scale between X-ray and electron microscopy techniques.

Domain and topography scale: Electron microscopy Typical electron
microscopic methods for transmission measurements are transmission elec-
tron microscopy (TEM), scanning transmission microscopy (STEM) [84, 85]
and selected area electron diffraction (SAED). While TEM is sensitive to the
local density of the sample, STEM can provide higher sensitivity to material
contrast, i.e. the atomic number, if operated with a high-angle annular dark-
field (HAADF) detector. SAED diffraction patterns give information about
the crystallographic film structure.

The difficulty of TEM measurements at BHJ layers [60, 86-88] is the
low contrast between both mainly carbon containing materials and the small
structure scale of a few tens of nanometers. A trick is to slightly defocus the
microscope. Excessive defocusing falsifies the structure scale. 50-100 nm thin
films must be prepared, in order to prevent shadow effects. The smoothness
of the film is important, since high roughness causes additional contrast due
to lateral deviations in electron penetration length through the sample. Usual-
ly the BHIJ film is lifted off the water soluble PEDOT:PSS layer and is
transferred to a common TEM copper grid. This device destructive, but not
film destructive procedure is the same for all measurements mentioned in this
section that are operated in transmission. If used properly, TEM can reveal the
fibril structure of P3HT in the BHJ blend and also depicts the larger scale film
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topography [60]. The dimensions of such P3HT whiskers are about 3-7 nm in
height, 15 nm in width and about 0.2-5 pm in length [45, 89]. A more com-
prehensive image of the three dimensional (3D) morphology can be obtained
by electron tomography [66, 85, 90]. This is basically done by a series of
TEM measurements at different angles of incident (i.e. from +70° to -70°). It
should be noted that the image contrast of this technique originates mainly
from the density difference of crystalline and amorphous regions. Polymer
and fullerene phases can hardly be deciphered. These structural 3D measure-
ments furthermore deliver information of the vertical distribution of crystal-
line volume fraction.

Vertical gradients  The vertical donor-acceptor ratio is crucial for charge
carrier transport, since electrons are collected at the top electrode and holes at
the bottom electrode in regular device architecture. Hence, polymer enrich-
ment close to the top electrode would cause a barrier for electron extraction.
A method that is very sensitive to vertical gradients in BHJ layers is neutron
reflectivity [82, 91, 92]. The difference in scattering length density (SLD) of
P3HT (0.80 + 0.01x10"° A™) and PCBM (4.34x10" ® A™) provides sufficient
contrast between both materials [92]. The vertical gradient is determined
indirectly by model fits to the reflectivity measurements where the angle of
incident is scanned. Another way for the determination of the vertical gradient
is variable angle spectroscopic ellipsometry (VASE). In VASE, changes in
the polarization state are utilized for model fits of the complex refractive
index of the investigated film, which can also provide vertical information
[93, 94]. A destructive method for the determination of vertical concentration
gradients i1s secondary ion mass spectrometry (SIMS) [95-98]. Here the film
is sputtered with typically Ga' ions and subsequently analyzed by mass
spectrometry. A critical issue is the sputtering rate, which might be very
different for multi component systems. Another possibility to investigate the
vertical gradient is to lift off the BHJ layer and measure the chemical compo-
sition on the top and bottom surface of the film with surface sensitive tech-
niques.

Surface sensitive techniques  X-ray photoelectron spectroscopy (XPS) is
capable of measuring the chemical composition at surfaces. An incident X-ray
beam generates photoelectrons close to the surface which are detected with
respect to their kinetic energy and intensity. This results in spectra that are
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characteristic for a distinct composition. After initial pure substance calibra-
tion XPS allows for a quantitative determination of the chemical composition
at the surface. Due to the short mean free path of the photoelectrons, the
probing depth of XPS is only 6—-8 nm [99]. XPS could be exploited for the
comparison of the composition at the top and bottom interface of the BHJ
layer [53, 100, 101]. In combination with ion sputtering it is used to investi-
gate depth profiles in bulk materials and buried interfaces. Another technique
for the determination of the surface composition is near-edge X-ray absorp-
tion fine structure spectroscopy (NEXAFS) which is more sensitive to struc-
tural features than XPS [71]. With NEXAFS, composition specific spectra are
utilized for concentration determination [94, 102, 103]. Germack et al.
measured the chemical composition at the bottom and top interface of the
BHJ layer with NEXAFS and could proof the influence of substrate surface
energy on the vertical polymer-fullerene-ratio gradient [102].

Another class of surface sensitive techniques is scanning probe micros-
copy (SPM) [72] whereby atomic force microscopy (AFM) [104] is the
prevalent method. In AFM, the sample surface is scanned with a sharp tip
providing mainly the surface topography and a sort of mechanical property
mapping which is explained in more detail in section A 3.2.

Lateral chemical mapping In combination with scanning transmission X-
ray microscopy (STXM) NEXAFS has been shown to be very utile for lateral
chemical mapping when operated in transmission [44, 71, 105-107]. In this
combined method the sample is first of all scanned by STXM for the identifi-
cation of structures revealed by lateral contrast. Subsequently these lateral
contrast features are investigated by NEFAXS analysis which provides the
chemical composition after prior calibration and structure information with a
spatial resolution of about 20-50 nm [71, 105]. If operated with polarized X-
rays the polymer backbone or crystalline plane orientation can be determined
according to interactions between the X-ray electric field and the delocalized
electrons along the delocalized n-electron system [108].
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1.4 Aim of this work

This work was encouraged by the observation of the drying process influence
on the light absorption behavior of the photoactive layer of OSC. Initial
drying experiments have been conducted in collaboration with Hung Do and
Alexander Colsmann of the Light Technology Institute (LTI, Karlsruhe). This
observation was supported by Li et al. [109] and Mihailetchi et al. [110] who
demonstrated that the drying process of the photoactive layer in OPV devices
influences the solar cell performance. This led to the hypothesis, that the
drying process can be utilized for a systematic optimization of solar cell
performance due to systematically induced morphological changes in the
photoactive layer. The evaluation of the hypothesis requires the elaboration
and investigation of different topics:

e Drying kinetics (evolution of thickness or composition) measurement
and simulation of pm to nm thin multi component films

e Phase diagrams of organic semiconductor solutions
e Determination of driving mechanisms for film morphology

e Exploitation of the process-structure-property relationship in order to
realize an optimized fabrication of solar cells (higher efficiency and fast-
er production)

For the exploitation of the drying process in order to generate a favorable film
structure it is mandatory to be able to describe the drying kinetics of the
solution cast film. Therefore, new methods for the measurement of film
drying kinetics from several micrometers to the nanometer scale have to be
developed. This requires the elaboration of an experimental setup which
allows for an accurate coating of wet film thicknesses below 10 um combined
with well-defined and reproducible drying conditions to obtain dry film
thicknesses of 20-300 nm. In combination with this experimental setup a
technique for the measurement of the drying kinetics of such thin films shall
be elaborated.

In the theoretical part of this thesis, an appropriate model shall be devel-
oped, which is capable to describe the drying kinetics of such thin films for
single and multiple solvent systems. This part can be conducted in continua-
tion to previous work on film drying [111] and mass transport in polymeric
membranes [112] which show many similarities. The validation shall be
conducted with experimental data obtained from solution cast blends of
organic semiconductors.
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In the morphology and optoelectronic part of this thesis, the governing
mechanisms of molecular ordering and their influencing parameters are the
mayor interest. For a systematic exploitation of the self-assembly mechanisms
their influencing parameters shall be explored. This requires new experi-
mental approaches for in situ observations of the assembly process during
film drying. A simultaneous measurement of the evolving film structure and
film composition is required for this purpose.

The influence of drying time on solar cell device performance is ex-
pected to originate from differences in molecular assembly time induced by
crossing solubility limits or entering thermodynamically unstable states. This
assumption demands the comparative investigation of two competitive
mechanisms: thermodynamic equilibrium and film formation kinetics. This
requires on the one hand the determination of the solutions phase diagram
(Figure 1.8a), which depicts the preferred thermodynamically equilibrium
state at a distinct composition. On the other hand film drying kinetics (Figure
1.8b) can hinder that this state is reached, if kinetic limitation is given.
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Figure 1.8: a) Schematic ternary phase diagram comprising the drying
path of a polymer-fullerene (1:0.8) solution (Details see section 3). b)
Exemplary drying curve of a thin film with initially 3 wt.% solid fraction
(Details see section 2).

Finally, it is important to investigate the systematic impact of different
drying conditions on the blend film structure. If parameters such as drying
temperature and drying gas velocity (gas phase mass transfer coefficient) are
suitable for generating different film structures, the process-structure-property

16



1.4 Aim of this work

relationship of solar cell devices will be investigated. Therefore suitable
measurement techniques for the determination of the molecular, nanometer
and micrometer scale structure have to be chosen or developed. The compari-
son with solar cell devices requires the elaboration of a solar cell fabrication
process within the experimental setup of controlled drying kinetics.
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2 Drying kinetics of thin films'

As previously mentioned, the drying kinetics of the solution processed active
layer of organic solar cells determines the performance of the final solar cell
device. Hence, it is of great interest to augment the knowledge of the film
formation process in the course of film drying. The first step of a quantitative
understanding signifies the development of an accurate method for the
measurement of the film composition versus drying time. The second step
requires a fundamental knowledge on those mechanisms that govern molecu-
lar ordering during solvent evaporation, which results in different film
structures corresponding to different drying scenarios. The third step is
correlating these film structures with their optoelectronic properties and final
solar cell efficiency in order to elaborate the appropriate drying conditions for
highest solar cell efficiency.

Because of the multi scale character of film morphology, which ranges
from single molecule to macroscopic bulk effects with dimensions from the
angstrom to the micrometer scale, many parameters are in principle suitable
for describing the film structure. These different structural features originate
from self-assembly mechanisms in the course of film drying. It was part of
this thesis to identify those parameters, that can be systematically tuned by the
drying process in order to design suitable drying conditions for efficient solar
cells. Therefore, simulation of the drying kinetics is of crucial importance.
Furthermore, the drying kinetics-film property relationship can subsequently
be transferred to a large area so called roll-to-roll processes by exchanging the
boundary conditions for heat and mass transfer. This chapter shows a suitable
method for the measurement and simulation of thin film drying kinetics
suitable for the required film thickness range from several micrometers down
to a few tens of nanometers.

! Katharina Peters [266] and Michael Baunach [139] dedicated their diploma thesis and Felix Buss
[267] his student research project to the drying kinetics of thin films. The essence of this chapter is
published in [56, 135]
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2 Drying kinetics of thin films

2.1 State of the art

Organic solar cells comprise different solution cast layers in the sub microme-
ter scale. For the elaboration of appropriate drying kinetics models of these
layers, suitable measurement techniques for the film shrinkage during drying
of such thin films are required. In thin films the mass loss due to solvent
evaporation is very low according to low film thicknesses. This demands very
sensitive measurement techniques for monitoring the film shrinkage during
the drying process. A measuring technique which is capable of detecting very
low changes in mass during the solvent evaporation in thin films is quartz
crystal micro balance [113-116]. A limitation of this technique is that the wet
film has to be coated directly on top of the microbalance surface in order to
achieve an accurate measurement. Furthermore, forced convection as it is
required for a controlled drying process worsens the signal to noise ratio.

Optical methods can be operated without contact which is preferred for
thin films in this case. A method that is appropriate for monitoring the film
composition during film drying is the Inverse Micro Raman Spectroscopy
(IMRS) [117, 118]. This technique has been used for characterizing the mass
transfer in drying thin polymer films [111, 117, 119] and membranes [112,
120, 121]. Requirements for this technique are a sufficient transparency in the
spectral range of the applied laser wavelength (e.g., 532 nm, 633 nm) and a
Raman activity of the material system. If the film is sufficiently thick (10-
200 pm), it 1s possible to determine the profile of film composition in the
vertical film coordinate normal to the substrate. Since the used film thickness
in this thesis ranges from several um (wet film) to a few tens of nanometers
(dry film) IMRS could not resolve the vertical concentration. A further
drawback 1s the high extinction coefficient of the organic semiconducting
materials in the spectral visible range, which causes a predominating photo-
luminescence making the Raman signal hardly recognizable in the drying
film. Hence, reproducible quantitative Raman measurements were difficult to
accomplish in situ during film drying.

A promising optical technique is spectroscopic ellipsometry (SE) [122],
which is capable of resolving thickness changes up to the sub nanometer
range [123]. The data acquisition time for a wide spectral range is fast enough
to follow film drying processes in-situ. This makes SE appropriate for moni-
toring the film thickness during film drying [57]. This was done at drying
P3HT:PCBM films in collaboration with Sopralab (Semilab group, France),
which is shown in the appendix in section A 1.4. However, film thickness is
20



2.2 In situ measurement of drying kinetics

measured indirectly with SE and requires the modeling of optical film proper-
ties. This signifies a modeling of the complex refractive index of the film
[124, 125] at each instant of measurement. In the course of drying, the optical
properties of the drying film change continuously. Since this technique is also
sensitive to vertical gradients and optical/structural anisotropies, the optical
modeling is consistently challenging for each drying experiment.

Another contactless optical technique is reflectometry based on interfer-
ence effects which are related to the optical film thickness. Reflectometry can
be conducted with a spectral light source allowing for an optical modeling of
film properties [79]. A similar challenge for this method is the continuously
changing spectral refractive index of the film. An easy way to handle the
evolution of refractive index is to use a monochromatic light source, e.g. laser
light, in a spectral range, where the changes of refractive index correlate in a
simple way with the film composition. Jukes and Heriot et al. introduced this
technique for monitoring the evolution of film thickness during spin coating
[126, 127]. Based on the work of Jorg Pfeifer, Cheng Huang and Stefan
Walheim of the Institute of Nanotechnology (INT, Karlsruhe) reflectometry
was developed further to spatially resolved measurements in this thesis. This
afforded the elaboration of mass transfer models for spatially resolved film
drying simulations at dry film thicknesses in the nanometer range.

A challenging part in the simulation of film drying is the evaporation of
the last few weight percent of solvent, which is in most cases determined by
the kinetics of solvent diffusion in the solid matrix of the film [111, 117, 119,
128-134]. In order to simulate this drying regime, the diffusion coefficient
must be considered as a function of solvent concentration and drying tempera-
ture, which is very difficult to access for the material system used in this
thesis.

2.2 In situ measurement of drying Kinetics

For the investigation of thin film drying of OPV layers, a dedicated coating
and drying setup had to be developed within this thesis. Therefore, a drying
channel with integrated knife coater (doctor blade) and five monochromatic
reflectometers as illustrated in Figure 2.1 was built. Using this setup, thin
films in the range of several um to nm dry film thickness can be coated and
subsequently dried under defined drying conditions (more details in section
2.2.2). In order to control the drying kinetics, the temperature and the drying
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2 Drying kinetics of thin films

gas flow in the drying channel can be adjusted. Drying kinetics were investi-
gated at temperatures of 15, 25 and 40°C and gas flow velocities in the range
from 0.1 to 0.65 m/s. The drying process was monitored in-situ with five
monochromatic reflectometers (635 nm or 650 nm wavelength).

a)

5 Reflectometer:—» | 4
thickness = f(t, x)

Drying channel

(T, w = const.) Coating knife

Temperature
controlled stage

b
) " 10mm La?r spot
s S Pl ple——p] :

Drying Gas =~—~~» Film

T, w= const......._b

Figure 2.1: a) Schematic drawing of the drying channel with integrated
knife coater and linear array of five laser reflectometers. The inset shows
the 48 cm long channel for horizontal, laminar gas flow distribution in
front of the coating stage (flat plate). The coating knife is moved horizon-
tally over the substrate with the speed v, and leaves the drying channel
by sliding down a plastic chute (dashed arrow). b) Position of the sub-
strate fixed in-between two silicon slices on the overflowed plate with
45° angle at the left edge and the position of the laser spots. [135]
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2.2 In situ measurement of drying kinetics

The substrate carrier plate dimensions (see appendix Figure 10.3) were
7xT77x70 mm?* (thicknessxlengthxwidth) with a 45° angle at the upstream
edge, mounted on top of a 7 mm thin fin and a channel cross section of
110x80 mm? (widthxheight). To monitor the drying kinetics in situ, laser light
(635 nm or 650 nm) was reflected at 5 distinct positions as shown in Figure
2.1 under an incident angle of 30° and detected by a Si photodiode during
coating and the following drying period. Hence the film thickness was
monitored directly after film casting at 5 distinct positions simultaneously.

2.2.1 Basics of in situ reflectometry

Laser reflectometry is based on the interference of the laser beam after being
reflected at two parallel interfaces. In our case these two interfaces are the air-
film and the film-substrate interface. Depending on the film thickness,
conditions of constructive or destructive interference are reached. In the
course of solvent evaporation and film shrinkage, constructive and destructive
interference conditions are passed through, which are detected by high and
low light intensity respectively at the photo diode. With the knowledge of the
refractive index and the dry film thickness one can reconstruct the evolution
of film thickness based on the observed interference fringes during film
drying. For such an analysis of the reflectometer measurements, one must
consider the geometry of the laser beam in the shown experimental setup as
depicted in Figure 2.2.

Air

Laser

Photo
diode

n,=f(t) d=f(t)

Thin film
Substrate B\

Figure 2.2: Optical pathway of the reflectometer laser beam through the
drying film with the continuously changing refractive index n;,
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2 Drying kinetics of thin films

Laser light hits the wet film surface under the incident angle a and is
partly reflected under the same angle, while the beam penetrates partly the
wet film under the refracted angle o’ due to an increasing refractive index of
the drying film. The refracted part of the beam is reflected at the film sub-
strate interface under the same angle a’. After leaving the wet film, both parts
of the laser beam interfere with each other after the common laws of optics
[136, 137]. Hence, the optical path difference 4 can be written as

A =mn[(AB) + (BC)] — ng (AD) 2.1

Where 7, is the refractive index of the film during drying as a function of
drying time, n, the refractive index of the gas phase (n,=1) and 4 is the
optical path difference. With Snell’s law (eq. 2.2), equation 2.1 and the law of
Pythagoras the optical path difference can be expressed as follows

sina-ny =sina’ -n, 2.2
_ — d
(AB) = (BC) = -
cos a
(AD) = sina- (AC) 2.3
(AC) = 2d - tan o’
A=2n,-d-cosa 2.4

with d as the film thickness, a as the angle of incidence and « " as the an-
gle of the refracted beam. Since o’ changes in the drying process due to a
continuously increasing refractive index »n; caused by the evaporation of the
optically lower dense solvent, it is more feasible to replace o’ with an expres-
sion of the constant angle a. With Snell’s law and the assumption of an
ambient refractive index n,=1 we can derive

2

ngy\? 1
cosa = |1-— (—) sinfa= |1-— (—) sin? a 2.5
nq ny

As a function of the film refractive index n; we subsequently receive for
the optical path difference
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2.2 In situ measurement of drying kinetics

A=2d /n% —sin?a 2.6

Herein the refractive index of the film #»; is a function of drying time.
The refractive index can be expressed as a mixture of the blended components
according to their volume fractions ¢, [138]

K
n, = Z Q;n; 2.7
i=1

The solution is treated as a mixture of one or more solvents and the solid
compounds. Solid fractions of the cast solutions are commonly below 5 wt.%.
In the course of further drying we also apply equation 2.7 for the calculation
of blend refractive index. With the volume fractions ¢ of each component we
can calculate the overall film refractive index in relation to the film thickness

Vi _d—day

_ 2.8
(AT d

dg
ps = 2 2.9

with V as the volume of each component (/ for the summarized liquid
and s for the summarized solid components in the film), d;, as the dry film
thickness and the film thickness d, which is the parameter we want to measure
against drying time.

Repeating instants of constructive and destructive interference are de-
termined out of high and low extreme values of the detector voltage signal.
Interference conditions occur for

k

A=—:1 2.10
2

with the values [1, 2, 3, ...] for k and 4 as the laser wavelength. Destruc-
tive interference (dark — low photovoltage) occurs at odd values for £ and
constructive interference (bright — high photovoltage) at even values. Inserted
in the equation of optical path difference (eq. 2.6) we receive a quadratic
equation
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2 Drying kinetics of thin films

k2 . /12
0 = [n} — sin®a] - d* + [2dgry 1y (ng — )] - d + |dG,, (ng —1)* — 4 2.11
A B

c

d_—Bi\/B2—4AC 5 1o

24

For all material combinations used in this work the addition of the root
term gave reasonable results in contrast to the subtraction. Neglecting excess
volume of the mixture, we can calculate the solvent mass fraction x; and
solvent content X; (capital letter) for a single solvent out of the thickness
evolution during film drying as follows

d -1
= (142 Ps 2.13
d— ddry P1
d—d
X, =4y DL 2.14
ddry Ps

where p is the density of s the solid and / the solvent.

2.2.2 Experimetal approach and data analysis

For the measurement of the drying kinetics a 3 wt-% solution of a P3HT (M,
~ 43 kg/mol, Rieke Metals) and PCBM (Solenne) blend (1:1 by wt.) in 1,2-
dichlorobenzene (DCB) was deposited in front of the coating knife (Figure
2.1a). Subsequently a wet film was cast evenly underneath the knife with a
gap of 70 um to the substrate and a constant knife speed of 5 mm/s. After-
wards, the film dried at a previously adjusted temperature (15-40°C) and
drying gas velocity (0.1-0.65 m/s). To monitor the drying kinetics in situ,
laser light (635 nm) was reflected under an incident angle of 30° and detected
by a Si photodiode during coating and the following drying period. Laser and
photodiode were mounted at the channel cover. At the air/film interface
reflected light interfered with light that was reflected at the film/substrate
interface. To achieve high optical contrast between the wet film and the
substrate, silicon substrates with about 2-4 nm silicon oxide on top were used.
The 60x35 mm? silicon substrates were cleaned by sonication in acetone and
isopropanol followed by an oxygen plasma treatment for 120s at 160 W
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2.2 In situ measurement of drying kinetics

(Pico, Diener electronic) in order to achieve reproducible and homogeneous
solution spreading.

The drying gas (nitrogen) and the substrate holder were liquid tempera-
ture-controlled with a Lauda RC6 cryostat. The channel wall was tempera-
ture-controlled by electrical heating (turned off at 15°C conditions). The gas
flow speed of the drying gas was measured in front of the substrate holder by
a hot-wire anemometer which was removed after the adjustment.

For interference analysis, the composition-dependent refractive index of
the polymer-fullerene-solution was determined from concentration series
using a Kernchen refractometer at 589 nm. According to Ng et al. [124] the
refractive index of P3HT:PCBM films does not change significantly from
589 nm (refractometer wave length) to 635 nm (reflectometer wave length).
The density of polymer-fullerene-solutions was obtained by determining the
liquid density of concentrations series with an Anton Paar DMA 4500 density
meter.

The steps of the drying experiments accomplished in the drying channel
are illustrated in Figure 2.3. Laser light is reflected on the bare substrate
before coating and detected by a Si photo diode. The light is scattered by the
coating knife during coating and subsequently reflected at the wet film
interfaces directly after coating. Figure 2.3d shows the photovoltage a) before
and b) during solution casting where the coating knife crosses the laser beam
followed by c) the drying process.
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2 Drying kinetics of thin films
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Figure 2.3: Experimental process scheme of the reflectometer/knife coat-
er unit with a) the blank SiO,/Si substrate, b) the coating step and c) the
drying process. d) Photovoltage during the three processing steps as
shown in a)-c) with the measurement of the shrinking film instantly after
solution casting and d) the dry film. [56]

During drying, the detector voltage (Figure 2.3d) exhibits a series of
peaks related to constructive and destructive interference conditions of the
reflected light as the film thickness decreases. When the photovoltage remains
constant, the optical properties are settled and the film is declared to be dry.

Figure 2.4 shows the photovoltage evolution during the drying experi-
ments for the films dried at different conditions. Especially the interference
curves at 15 and 25°C drying temperature exhibit a long final drying phase
with decreased drying speed after the last interference peak (Figure 2.4 a-d).
Changes in the amplitude of the interference curves of Figure 2.4 are repro-
ducible for each drying conditions. Jukes and Heriot et al. have demonstrated
that distinct effects in the interference fringe appearance can correspond to
phase separation processes [126, 127], which do not appear in the measure-
ments at drying P3HT:PCBM films. The dry film thickness increases in our
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2.2 In situ measurement of drying kinetics

experiments with decreasing temperature but constant knife coating condi-
tions. This is due to an increasing viscosity by decreasing temperature causing
a thicker wet film during coating, which additionally increases drying time.
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Figure 2.4: Photovoltage versus time showing interferences during dry-
ing. a) and b) show two drying experiments at 15°C and 0.1 m/s air
speed in front of the substrate carrier (left) and 0.5 m/s (right). c) and d)
show drying experiments at 25°C and same gas flow rates and e) and f)
at 40°C. The dry thicknesses are mentioned in the graphs. [56]

As discussed in section 2.2.1 the film thickness related to each instant of
constructive or destructive interference condition can be calculated, if the dry
film thickness and the refractive index of the pure components are known.
After determining the dry film thickness with a surface profiler (Dektak 6M,
Veeco), we deduce the position of maxima and minima in order to determine
the evolution of film thickness using the standard interference condition
eq. 2.6. In contrast to prior work of Jukes and Heriot et al. [126, 127], who
measured the film shrinkage during spin coating of polymer blends, we do not
spin off the solution. This advantage of knife coating affords mass balancing
and a calculation of the refractive index, angle of refraction and density
during drying by using the values given in Table 2.1.
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2 Drying kinetics of thin films

Table 2.1: Material properties of the used 1:1 blend of PSHT:PCBM and
the solvent 1,2-dichlorobenzene given at 25°C, since temperature de-
pendency was not significant from 15°C to 40°C. The refractive indices
are given at 589 nm. [56]

Material Property Unit 15°C 25°C 40°C
Density P3HT:PCBM [g/cm] 1.222
Density DCB [g/cm?] 1.302
NPp3HT:PCBM [-] 1.866 1.849 1.827
NpcB [-] 1.554 1.549 1.541
Vapor pressure DCB [mbar] 1.58 2.79 6.14

Based on the known dry film thickness and material properties, the dry-
ing process can be reconstructed. The transient film composition during
drying, i.e. the drying curve, can be calculated from the thickness difference
between the dry film and the current film height as calculated with the
interference conditions. For the analysis it is assumed that the volumes (or
heights) of dry film and solvent can be summed up. Excess volume is ne-
glected. Therefore, the thickness development during drying can be calculated
as depicted in Figure 2.5b. This is done in a self-written Matlab routine [139].

The representative drying curve in Figure 2.5 shows a linearly decreas-
ing thickness over the first drying period which is called “constant rate
period” followed by a second slower drying period called “falling rate peri-
od”. The thickness evolution during the falling rate period cannot be resolved
by this experimental setup due to the limited resolutions.

The thickness evolution over drying time is calculated into the evolution
of solvent mass fraction Xxpcp = Mpcg/(Mpcg + Msoriq). With common
density mixing rules and the pure component densities depicted in Table 2.1
the evolution of solvent mass fraction is calculated based on the experimental
data as shown in Figure 2.5c. Because of the low solid content, the solvent
mass fraction xpcp initially decreases slowly until the solid content becomes
significant. Subsequently, this leads to a fast drop of the solvent fraction at the
end of the constant rate period. The shifted point at xpcp= 0 indicates the dry
state where the photovoltage remains constant.
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2.2 In situ measurement of drying kinetics
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Figure 2.5: a) Voltage of the reflectometer photo diode against drying
time at 15°C and v=0.1 m/s. The range of constant rate and falling rate
period of drying are indicated. b) Thickness and c) solvent mass fraction
evolution over drying time. The film is declared to by dry when the
photovoltage remains constant.

The analysis of experimental data leads to an average initial solvent mass
fraction of xypcp = 96.74+0.12 wt-%, whereas the initial solution was pre-
pared with a solvent mass fraction of about x,pcp = 97 wt-%, indicating a
high accuracy of the interference analysis method. Within the scope of this
thesis, the diffusional limitation of solvent mass transport in the film, which is
responsible for the transition from constant to falling rate period, is not
incorporated into the drying model. The reflectometry setup cannot resolve
the low thickness changes, since the thickness change between two interfer-
ence conditions is about 100 nm. In principal spectroscopic ellipsometry can
resolve such low thickness changes in real time (see appendix section A 1.4
and [57]) but requires the modeling of the complex refractive index of the thin
film. However, the time period of this final drying stage can be estimated by
the subsequent period after the last interference peak (Figure 2.5a) until the
photovoltage Vg4 remains constant. This is the case when the optical
properties of the film (thickness and refractive index) are settled. Experi-
mental data, e.g., Figure 2.5b-c indicates, that film drying proceeds with an
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2 Drying kinetics of thin films

almost constant evaporation rate up to solvent mass fractions of about
10 wt.%.

Further reduction of the solvent mass fraction reduces solvent mobility
and consequently the solvent diffusion coefficient in the swollen polymer-
fullerene matrix. Additionally, organic semiconductors are commonly rigid
semicrystalline materials that comprise glass transition temperatures above
room temperature [140-142]. Due to the evaporation of plasticizing solvent
the film can cross the glass transition during drying at temperatures close to
room temperature. This can complicate the description of the diffusional mass
transport but is not necessarily the case. For P3HT glass transition tempera-
tures, which depend on the molecular weight and the fabrication history, have
been reported in the range from -14 to 110°C [140, 142-147]. However,
diffusional limitations and glass transition effects on the drying behavior are
not the scope of this work and therefore not considered in this thesis.

2.2.3 Spatially resolved measurements

As explained in the previous chapter we are now capable of measuring the
film shrinkage at a distinct position of the much larger wet film. The applied
horizontal forced convection causes a faster drying at the upstream edge of
the substrate for the investigated solutions. This will be explained in more
detail below (see Figure 2.12). This effect leads to an inhomogeneous drying
which can be observed by a moving drying front as shown in Figure 2.6. The
dashed line in Figure 2.6a indicates the drying front at different stages of the
drying process of a P3HT:PCBM film at a silicon substrate. The interference
colors reveal a steeper thickness gradient in the beginning. In order to de-
scribe the drying kinetics of such knife coated thin films this effect must be
considered and quantitatively investigated. Therefore multiple measurement
spots in a linear ordered array of 5 reflectometers (Figure 2.1) were used for
spatial resolved drying kinetics measurements.
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2.2 In situ measurement of drying kinetics

Y
/' WX

Figure 2.6: a) Photographs of the moving drying front in the opened
channel. Gas flow direction is from top to bottom of the images. b)
Scheme of the process conditions for film drying with uncoated offset x,
at the beginning and c) increasing offset due to the moving drying front.

[135]

First of all, the drying characteristics of a single local reflectometry
measurement are discussed in more detail. The drying curve exemplarily
depicted in Figure 2.7a was locally measured by reflectometry in the centered
position of the plate. The shrinkage seems to remain linear until it accelerates
(increasing negative slope) in the final stage of film drying. Figure 2.7b
depicts the slope of the drying curve given in Figure 2.7a which decreases
from the beginning on and drops rapidly at the final stage of drying. The
reason for this behavior is the moving drying front due to a faster drying at
the upstream edge of the plate which is shown in Figure 2.6. As this drying
front approaches the spot of local measurement, the drying process acceler-
ates which shall be explained in the following.
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Figure 2.7: a) Measurement of the film shrinkage during drying of a
P3HT:PCBM solution in DCB at x,=3 wt.%, 20°C and 0.3 m/s gas flow
speed. b) The slope of the film shrinkage is averaged in-between two da-
ta points and plotted against drying time. [135]

The film was cast at the substrate with a distinct off-set x, to the front
edge of the substrate for practical reasons. The hydrodynamic boundary layer
starts to form at the front edge of the substrate carrier. In contrast to the
hydrodynamic boundary layer the concentration boundary layer starts to form
at the front edge of the wet film after the offset distance x, (Figure 2.8). The
mass transfer coefficient decreases from the beginning of the concentration
boundary layer (x = x,) in airflow direction x. This is due to an increasing
boundary layer thickness with x and consequently a less steep concentration
gradient as driving force for the solvent evaporation in downstream direction
of the wet film.
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Figure 2.8: Position of the film at the stage and the laser spots for thick-
ness measurement. Each scale bar represents 10mm. [135]
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2.2 In situ measurement of drying kinetics

However, the position of the drying front is not static. Since the concen-
tration boundary layer starts to form at the position of the front, the movement
towards a measurement spot causes a local acceleration of evaporation
rate/film shrinkage as the front approaches. The effect of the moving drying
front was quantitatively investigated by spatially resolved drying kinetics
measurements at five positions simultaneously (Figure 2.8). For a comparison
with model calculations mass transfer coefficients must be obtained from the
experimental data.

The used low volatile solvents the solvent vapor diffusion in the gas
phase governs the mass transfer after the liquid-vapor phase transition in the
constant rate period. For this case (low partial pressure and low mass flux of
the evaporating component) a linear gas phase mass transfer kinetic (eq. 2.21)
is appropriate and the isothermal solvent evaporation out of the drying thin
film (thickness < 10 pm) can be described as

dn;

d_tl = —n; component balance 2.15
n; = Pig - Pg (yi,ph - 571-,00) mass transfer kinetics 2.16
dn; dd

—t_p5 .. = 2.17
FTARLT:

with 7; as molar mass flux of component i, §;; as mass transfer coeffi-
cient of component i in j, f, as molar gas density, g;; as the liquid density of
component i, J; o and ¥; ,, as the molar fraction of component i in the bulk
and at the phase interface respectively and d as film thickness. The mass
transfer coefficient £, can be determined from the slope of the evolution of
film thickness over drying time for each measuring position. The slope of film
shrinkage over time dd/dt can be discretized into appropriate intervals, i.e.
two subsequent interference conditions. Based on the time resolved thickness
measurements the local mass transfer coefficient can be determined as
ﬁli'%'R'T 2.18
ﬂi,g = '
Pi
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2 Drying kinetics of thin films

with p; as partial pressure of component i, R as ideal gas constant and T
as absolute temperature. In Figure 2.9a the evolution of the normalized film
thickness' is depicted for 5 different positions in airflow direction. It gets
clear that the overall drying time increases in gas flow direction because of
the increasing boundary layer thickness in gas flow direction. Furthermore,
the drying curve at each position accelerates with proceeding drying time,
which is due to the approaching drying front. This is more quantitatively

depicted in the evolution of the slope of film shrinkage over time in Figure
2.9b.
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Figure 2.9: a) Evolution of normalized thickness during film drying of
P3HT:PCBM solution in DCB at x,=3 wt.%, 20°C and 0.4 m/s airflow

compared for 5 different measurement positions. The corresponding
slope of the film shrinkage of these 5 different positions is plotted in b).

[135] Here xy = 10 mm and further positions are according to Figure
2.8.

The slope of film shrinkage Ad/At initially decreases due to the coating
knife which disturbs the fluid dynamics at the beginning (first few data
points). After this phase the next 10 data points of the slope are averaged and
used for the determination of the initial local mass transfer coefficient (at each
laser position) as shown in equation (2.18). In this range the initial coating
offset x, is almost constant. The experimentally derived local mass transfer

! Normalized film thickness = (d(t)-da)/(Ayverdany). Film thickness is not perfectly constant over the
substrate which requires a normalized presentation of the data for an improved readability.
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2.3 Model of mass transfer for thin film drying

coefficients are compared in section 2.4 with those of model calculations that
will be derived in the following section.

2.3 Model of mass transfer for thin film drying

In order to calculate the drying kinetics an appropriate model, which should
be sufficiently accurate for describing the real film drying behavior must be
developed. In general, one must consider 1) the mass transfer of solvent within
the film, 11) the liquid-vapor phase change at the film surface and ii1) the mass
transport of solvent in the gas phase.

Vo

PEDOT:PSS
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. f Substrate: Silicon, ITO/Glass
q

\

Figure 2.10: Scheme of all possible gradients of temperature and con-
centration during polymer-fullerene film drying with mass transfer limi-
tation in the film i) and the gas phase iii). The vapor-liquid phase inter-
face is denoted as ii).

Figure 2.10 depicts schematically a case where all the mentioned factors
including temperature gradients are taken into account. In the case of this
work isothermal conditions could be realized due to very low film thicknesses
(<10 um), highly heat conducting silicon substrates (600 um thin) and
accurately temperature controlled drying conditions in the experimental setup
(see chapter 2.2). Furthermore most of the used solvents exhibit a low vapor
pressure, causing very slow consumption of vaporization enthalpy. In the
following, the chosen model will be elaborated in detail.
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2 Drying kinetics of thin films

2.3.1 Mass transfer in the gas phase

The mass transfer in the gas phase can be described with the Stefan-Maxwell
equation 2.19 [148]. The approach after Josef Stefan and James Maxwell is
based on a molecular friction and collision theory.

n
ac; _ dy; 1 L
E:'D d—=ZD— yl-nj—yj-ni) 2.19

with n as the number of components, ¢; as the concentration of compo-
nent i, z as length coordinate in mass transfer direction and D;; as Stefan-
Maxwell diffusion coefficient. For binary systems (n = 2) with unidirectional
mass transfer equation 2.19 can be solved exactly [149] leading to the follow-
ing expression for the area-related mass flux of species i

I
12 " Pyg dz V1 n 2.20
dl'ff'lYLSl'OTl convection

with 1 as the overall mass flux. For low molar fractions in the gas phase
of species i or low overall mass flux the convection term in equation 2.20 can
be neglected leading to the linear expression for the area related mass flux

~ ~ ~ Dij
Ny = PBij Py Tirn — Vi), Bij = _Sanjw 2.21
with 6., as the concentration boundary layer thickness. More general
is the following expression 2.22 also appropriate for high molar fractions in
the gas phase and high overall mass flux as it occurs for drying of highly

volatile solvents at comparatively high temperatures close to the boiling point.

WL Vi
n; = Pij*Pg In——"— 2.22
Sty
Equation 2.22 can also be used for simultaneously evaporating solvent
mixtures under the assumption that the gas phase diffusion of one solvent is
unaffected by the diffusion of the other solvents. Gas phase diffusion coeffi-
cients Dj; are calculated by the group contribution method after Fuller et al.
[150].
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2.3 Model of mass transfer for thin film drying

For the determination of the mass transfer coefficient f;, (in the drying
context component j usually represents the gas phase denoted with the index
g) Sherwood correlations in the form Sh = f(Re, Sc, geometry) are used. In
our case we use the case of a horizontal plate in a horizontal forced convec-
tion flow. As depicted in Figure 2.11 the hydrodynamic boundary layer
thickness ¢ increases with the length coordinate x in airflow direction. Like-
wise increases the concentration boundary layer J..,..(x) of the evaporating
constituents.
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-
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Figure 2.11: Dependency of velocity profile w and boundary layer thick-
ness 6(x) on plate length coordinate x. [151]

Mass transfer in the gas phase is governed by the concentration gradient,
which decreases with increasing concentration boundary layer thickness
Oconc.(X). The concentration boundary layer forms analog to the fluid dynamic
boundary layer J(x) at the beginning of the wet film area in airflow direction.
Hence, the driving force for mass transfer in the gas phase decreases with the
length coordinate x in the case of uniform interface conditions at the entire
plate surface (equally distributed molar solvent fraction at the interface). This
demands the application of a local Sherwood number Sh, leading to a local
mass transfer coefficient S, .

. .Bg,x "X

S~ =0332-5c'/° - Re)/? 2.23

Sh,,
ij

with Sc¢ = Schmidt number

39



2 Drying kinetics of thin films

Re, = % Reynolds number

with v as the kinematic viscosity. For the integrated mass transfer of the
entire plate surface length L we receive

Ly
1
ﬁg = E j :Bg,x dx 2.24
Lo
L
Sh = ﬁf) = 0.664 - Sc1/3 - Rel/? 2.25

i

Figure 2.12 depicts both, the local mass transfer coefficient 5, , as a
function of plate length coordinate and the integrated coefficient f;. The
experimental setup in this work comprises a plate of 77 mm length. Mathe-
matically the local mass transfer coefficient S, exhibits a singularity at the
front edge of the plate (x = 0 mm). It decreases dramatically over the first few
millimeters and exhibits a moderate decrease up to the downstream end of the
plate for the classical boundary layer theory of infinite long plates. Fluid
dynamic effects at the downstream end of the plate (x = L) can cause a further
increase of mass transfer at the end of the plate. This topic is discussed in
references [152, 153], but is not taken into account within this work.
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Figure 2.12: Local and integral mass transfer coefficient at 20°C,
w=0.3 m/s, L=77 mm.
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2.3 Model of mass transfer for thin film drying

In contrast to Figure 2.12 we cannot apply a wet film up to the front edge
of the substrate at x = 0. Therefore we have to take the initially uncoated off-
set distance x, into account (Figure 2.8), which does not contribute to the
formation of the concentration boundary layer (equation 2.26). This initial
off-set is due to practical reasons of the knife coating process. In heat transfer,
this off-set topic is discussed by Brauer et al. [154] and Ameel et al. [155,
156]. In analogy to heat transfer, the Sherwood correlation 2.23 must be
formed with the offset distance x, and the length coordinate x

1
0.332-Sc'/3 - Re,’?

Y 2.26
-

Furthermore, the profile of the local mass transfer coefficient in Figure
2.12 results in an increased solvent evaporation rate at the front of the wet
film. Accordingly, the film dries faster at the front with a decreasing drying
rate with the length coordinate x. This effect causes inhomogeneous drying
with a moving drying front as observed by Scharfer et al. [157]. Therefore the
increasing offset distance x,(?) during film drying must be considered for the
numerical simulation of the drying process.
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Figure 2.13: a) Scheme of the in 100 um slices discretized wet film cast
with an initial off-set length x,. b) Effect of moving drying front that
leads to an increase of xy and a moving concentration boundary layer.
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2 Drying kinetics of thin films

Hence, the gas phase mass transfer coefficient must be formed as a func-
tion of space and time. This is done as illustrated in Figure 2.13 with a
discretization of the wet film into slices of 100 um width cast with an initial
off-set length x,. Under these preconditions the gas phase mass transfer is
calculated for a distinct period of time with equation 2.26. The faster drying
rates at the wet film front results in a dry film at the very beginning after a
distinct drying time. If this is the case, this dry film length does not contribute
to the formation of the concentration boundary layer anymore. The film is
declared to be dry, at solvent fractions below 0.001. Hence the off-set length
Xo(?) 1s increased about this dry film length.

2.3.2 Phase equilibrium at the gas-liquid interface

To describe the solvent evaporation at the phase interface, i1) in Figure 2.10,
the vapor-liquid phase equilibrium of absorbed solvent in the polymer-
fullerene matrix is needed for considering non-ideal vapor pressure of the
mixture. Solvent-polymer-fullerene interaction forces can cause non ideal
phase equilibrium states with increased (repulsive forces) or reduced (attrac-
tive forces) vapor pressure in comparison to the pure solvent. In general this
can be described for moderate absolute pressures below about 10 bar and
ideal gas phase behavior after the law of Raoult-Dalton

Vi'p=%"vi'pi 2.27

where p; is the pure component vapor pressure. The product of the molar
fraction of the volatile component i in solution and the activity coefficient is
known as the activity of component i which correlates the real partial pressure
with the pure component vapor pressure.

N

a, =X;'Y:i = P 2.28

In the case of polymer solutions, the Flory-Huggins equation (eq. 2.29)
1s commonly used for describing the solutions activity. In the scope of this
thesis, the vapor-liquid equilibrium was exemplarily determined from sorp-
tion experiments of P3HT:PCBM (1:1) films in a Rubotherm magnetic-
suspension-balance (MSB) at 40°C sorption temperature with the solvent
DCB. This was done analog to the method described in reference [158].
Polymer-fullerene films were mounted in a sorption chamber where the
solvent “humidity” (solvent activity) can be adjusted. With increasing activi-
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2.3 Model of mass transfer for thin film drying

ty, the solvent sorbs into the solid polymer-fullerene-film and the mass gain is
gravimetrically monitored with the MSB. In order to get a higher mass signal
due to an increased amount of solvent absorption, gravimetric sorption
experiments have been accomplished at comparatively thick films (around
20 um) in contrast to usually 100-200 nm thin films as used in polymer solar
cells. These measurements enable correlating the solvent fraction of absorbed
solvent in the film with the solvent activity in the gas phase (Figure 2.14).
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’ ---FH=0
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0,0 0,2 0,4 0,6 0,8 1,0
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Figure 2.14: Sorption isotherm of DCB and P3HT:PCBM (1:1) meas-
ured with a magnetic suspension balance at 40°C. Symbols indicate
sorption measurements, the dotted line represents the FH-fit, the dashed
line the FH approach with y = 0 and the solid line as the ideal calcula-
tion according to Raoult-Dalton [56].

Flory-Huggins (FH) interaction parameters can be determined in order to
describe the in our case reduced vapor pressure at the interface. Therefore the
solvent activity is given by (see chapter 3.2.1)

_ pi Vi 2
Ina; =In D) np; + (1 — %) ©p t Xip - Pp 2.29

with y; , as the FH-parameter, ¢, ,, as volume fraction (i: solvent, p: sol-
id) and ¥ as specific molar volume (¥, > ¥;). The solid blend is treated as
one effective medium. Following, the concentration-dependent FH-parameter

(eq. 2.30) can be fitted to the sorption measurements for the material system
DCB and the blend of P3HT:PCBM (1:1 by wt.)
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2 Drying kinetics of thin films

Xpcepiena(@pep) = 0.8521 - @fcp + 1.804 - @pcp + 1.444 2.30

The definition of the solvent activity a; leads to the vapor pressure p; at
the interface of absorbed solvent in the polymer-fullerene-matrix. Hence, the
molar fraction of solvent at the interface ¥; = p;/p in equation 2.22 can be
calculated based on FH-parameters from equation 2.29. However, sorption
experiments are time consuming with measurement times of up to several
months for a single sorption isotherm, as it was the case for the above shown
data.

If no sorption experiments or FH-parameters are available, one can as-
sume an ideal solid-liquid interaction behavior with y =0 (pure enthropic
contributions) or according to the equation of Raoult Dalton with y; = 1. In
the latter case the solvent activity is equal to the molar fraction of solvent and
approaches the sorption experiment more accurate as for the case of the
neglected enthalpic term in the FH-equation as compared in Figure 2.14. The
averaged molecular weight of the P3HT:PCBM blend was 1785g/mol.

The non ideality of solvent mixtures can be estimated with group contri-
bution methods such as UNIFAC (Universal Quasichemical (UNIQUAC)
Functional Group Activity Coefficients) [159, 160]. Activity coefficients
obtained by this method for the used solvent mixtures can be found in section
A45.

2.3.3 Diffusion in the film

Low solid contents at the beginning of the drying process (2-5wt.%) and low
dry film thicknesses (<1 pum) that lead to short diffusion paths at higher solid
contents diminish the influence of diffusional limitation over a wide range in
the drying process (see section A 1.1). An accurate determination of the
solvent diffusion coefficient as a function of film composition is challenging
for this material system and this range of film thicknesses. Additional effects
can originate from the glass transition [140-142] which is crossed in the
course of film drying.

2.3.4 Summary of the chosen model

In conclusion, a model with 1sothermal conditions and full mass transfer
limitation in the gas phase was chosen for the drying kinetics calculations in
this thesis as depicted in Figure 2.15b. Due to the low film thickness
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2.3 Model of mass transfer for thin film drying

(<10 um) and the low vapor pressure of the used solvents we assume the gas
phase mass transfer as the dominating process. Isothermal conditions could be
realized due to low film thicknesses, highly heat conducting silicon substrates
(600um) and accurately temperature controlled drying conditions in the
experimental setup (see chapter 2.2). Furthermore most of the used solvents
exhibit low vapor pressure, causing low consumption of vaporization enthal-
py. The gas phase mass transfer coefficient is assumed to depend on both,
time and space.

a) “& g
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Figure 2.15: a) Scheme of all possible gradients of temperature and con-
centration during polymer-fullerene film drying with mass transfer limi-
tation in the film i) and the gas phase iii). The phase interface is denoted
as ii). b) Scheme of the chosen model with isothermal conditions and full
mass transfer limitation in the gas phase.

For the comparison of the drying kinetics model calculations with exper-
imental data, the phase equilibrium is assumed to be ideal in terms of solid-
liquid interactions and also in terms of liquid-liquid interactions for the usage
of solvent mixtures. The vapor pressure of each component is calculated
according to the molar fractions of the incorporated components. The average
molecular weight of the fullerene and the weight average molecular weight of
the polymer according to size exclusion chromatography was used. For the
solvent mixtures no sorption data was available and for consistency in the
calculation strategy ideal solution behavior (y = 1) was also applied for the
single solvent measurements according to Raoult-Dalton. The assumed
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2 Drying kinetics of thin films

simplifications will be evaluated in comparison with experimental data in the
following.

2.4 Evaluation of the drying kinetics model

2.4.1 Drying Kkinetics of a single solvent

For a normalized comparison between the correlation of Brauer et al. (eq.
2.26) and the experimentally determined mass transfer coefficients, the local
Sherwood number S%, (eq. 2.23) is plotted against the local Reynolds number
Re, for both (Figure 2.16).
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Figure 2.16: The local Sherwood number is plotted for the experimental
data against the local Reynolds number for distinct airflow rates (0.3-
0.65 m/s) which is compared with the correlation of Brauer et al. and the
adapted correlation. [135]

Since the experiments deliver data for the local mass transfer coefficient
Bigx which 1s converted to the local Sherwood number Sh. .. (eq. 2.26)
including the off-set effects, the experimentally derived S#, .., must be multi-
plied with the denominator of equation 2.26 in order to receive Sh,. In a log-
log plot both relations show linear behavior (Figure 2.16). The slope of the
analytically derived correlation deviates from the experimental data but both
agree in the linear character. A comparison of both curves allows fitting the
correlation with two parameters to the experimental data:
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2.4 Evaluation of the drying kinetics model
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The fitted exponent of the Reynolds number rather approaches the value
of 0.8 for turbulent conditions than the value of 0.5 for laminar flow. This
indicates that unexpected turbulent conditions might cause the mismatch with
the analytical correlation. In the meantime it could be verified by comparative
simulations of the fluid dynamics for this geometry [161] that the chosen 45°
angle at the edge of the plate (see Figure 2.1) is responsible for this effect.
This can be improved by using a 10° angle at the edge of the plate.

Based on the fitted correlation we can now calculate the mass transfer
coefficient and related parameters as a function of the position x and time for
this geometry. Figure 2.17a depicts for some exemplary scenarios of x, the
mass transfer coefficient over the whole plate length. The transition from the
steep drop of S at the beginning of the concentration boundary layer to the
flat plateau gets broader with an increasing off-set length x,.
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Figure 2.17: a) Mass transfer coefficient of DCB in the gas phase for
offset lengths from 0-70mm at x;= 3 wt.%, 20°C and 0.3 m/s airflow. The
results are obtained from the fitted correlation. High values for the mass
transfer coefficient signifies high solvent evaporation rate close to the
edge of the drying front (x=x,). Corresponding concentration boundary
layer thicknesses Ocone. are shown in b). [135]
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2 Drying kinetics of thin films

Also the concentration boundary layer grows slower with increasing x as
shown in Figure 2.17b for the corresponding cases of x,. With increasing
concentration boundary layer thickness, the constant solvent vapor concentra-
tion gradient, which is the driving force for mass transfer, is getting less steep
(lower driving force).

Subsequently a spatial resolved calculation of the film drying process
was realized. Therefore the film (60 mm length) was discretized into slices of
100 pm width in airflow direction as illustrated in Figure 2.13. For each slice
the mass transfer kinetics and mass balance was calculated for each time step
of 0.05s. Once the first slice reached the solvent mass fraction of xpcz <
0.001 the contribution to the formation of the concentration boundary layer is
assumed to get negligible and the initial off-set is shifted to the next slice and
SO on.
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Figure 2.18: Spatial resolved (in airflow direction) film drying of exper-
imental data and the adopted correlation at schematically indicated po-
sitions. The initial solvent content (solvent mass/solid mass) is equal for
all positions on the wet film. [135] Here x, = 10 mm and further posi-
tions are according to Figure 2.8.

In Figure 2.18 calculations based on equation 2.31 are compared with
experimental data for the drying process of a P3HT:PCBM solution in DCB
at 3 wt.%, 20°C and a gas flow velocity of 0.4 m/s measured in front of the
plate. Both, the increasing drying time with x and the acceleration of drying
(increasing negative slope) are reasonably described by the calculations. For
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2.4 Evaluation of the drying kinetics model

this comparison, it was most practical that all curves originate from the same
position in the diagram. Because film thickness is not absolutely constant
over the substrate length, the solvent loading (Xpcg=mpcp/m;yiiq) Was chosen
as parameter. Furthermore the analysis of the interference conditions was not
started at the dry film, but at the freshly cast wet film. At this instant the film
composition is known and should be equal at all positions. Uncertainties in
the sample preparation and potentially missed interference peaks have the
effect, that the dry film state of Xpc3=0 is not reached. However, this does not
affect the fitting quality of the correlation which is adapted to the initial
evaporation rate that is independent from absolute values of film thickness. A
more comprehensive error discussion of reflectometry can be found in the
appendix in section A 1.2.

At this point it should be mentioned that the effect of the moving drying
front (decrease of “wet” area where solvent evaporates) must also be taken
into account for integral measurements over the whole plate, such as gravi-
metric experiments. Neglecting this effect leads to tremendous misinterpreta-
tion for drying measurements with limitations in the gas phase mass transfer.

2.4.2 Drying kinetics of solvent mixtures

With regard to a large scale production of organic photovoltaics, environmen-
tally friendly solvents should preferably be used. Appropriate solvent combi-
nations of two or more solvents can provide a wider scope of optimized
properties, such as solubility, wetting behavior and drying time. The usage of
solvent mixtures can furthermore be beneficial for tuning molecular ordering
during drying due to specific solubility and solvent-solid interactions which
can has been reported to lead to different film structures [55, 162, 163]. In this
work we replaced the common solvent 1,2-dichlorobenzene with the solvent
mixtures toluene-indane and o-xylene-indane. Indane exhibits a comparable
vapor pressure to DCB, is a suitable solvent for P3HT and PCBM and due to
its non-halogenated character appropriate for large scale fabrication process-
es. The wetting properties of the pure solvent can be improved by mixing
with toluene or o-xylene. The impact on film structure due to the exchanged
solvents is discussed later in chapter 5.2.
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2 Drying kinetics of thin films
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Figure 2.19: Reflectometer raw data at centered position (pos. 3) for the
solvent mixture toluene-indane a) and o-xylene-indane b). The solution
contained 2wt.% P3HT:PCBM (1:0.8) and was dried after knife coating
at 25°C and 0.3m/s airflow. [135]

The reflectometer raw signal of both solvent mixtures is shown in Figure
2.19 for the centered position. The peak to peak distance, which is related to
the film shrinkage, is increasing after an initial fast evaporation of the higher
volatile component. This transition is of course less pronounced for the
combination o-xylene-indane (Figure 2.19a) than for the system toluene-
indane, because of the higher difference in vapor pressure of the latter (Table
2.1). For the analysis of the optical measurement, the changing refractive
index is taken into account again by mixing the refractive indices of the solid
constituents and the solvent mixture with respect to their changing volume
fraction. The refractive index of the solvent mixture (Table 2.1) is set constant
over the whole drying process to the initial solvent composition averaged by
volume fractions. This signifies one effective refractive index for the solid
components and one effective refractive index for the solvent components.
These two effective refractive indices are subsequently averaged with the
respectively changing volume fractions over the drying process. The curve
shape shall not be interpreted in terms of phase behavior or layer formation,
but shows further potential of this method [126, 127].
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2.4 Evaluation of the drying kinetics model

Table 2.2: Material properties of the used solvents at 25°C. The refrac-
tive indices are given at 589 nm. [135, 164]

Solvent Vapor pressure Density ~ Refractive index
mbar g/cm? -
1,2-Dichlorobenzene 1.81 1.301 1.549
Toluene 37.9 0.865 1.494
o-Xylene 8.84 0.858 1.503
Indane 2.05 0.960 1.532

In order to design the transition from the fast to the slow evaporating
solvent at a distinct film composition, e.g. for solubility reasons or the overall
drying time, a drying kinetics model of this multi-component systems is
required. This was done under the assumption of an ideal mixture of both
solvents and an ideal solution of both dissolved compounds P3HT and
PCBM. In this case the activity coefficient y; = 1 (eq. 2.27) and the vapor
pressure of each solvent can be calculated according to the changing molar
fraction of each component (see Figure 2.15). The non-ideality of the solvent
mixture can be neglected for these two cases according to activity coefficients
close to unity determined with UNIFAC (see section A 4.5).
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Figure 2.20: a) Calculated and measured evolution of film thickness for
the solvent mixture toluene-indane and b) o-xylene-indane. The film
composition can be obtained from the numerical simulation of film dry-
ing by the fitted correlation. [135] Here x,= 10 mm and further posi-
tions are according to Figure 2.8.
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2 Drying kinetics of thin films

The mass transfer kinetics are assumed to be dominated by the mass
transfer in the gas phase as a function of time and space. The comparison of
model based calculation and experimental data (Figure 2.19) is given in
Figure 2.20. Position 1 represents the measurement in 10 mm distance to the
front of the wet film. The distance between each measurement position is
10 mm.

The numerical calculation is in sufficient agreement with the experi-
mental data although the correlation for gas phase mass transfer was fitted to
a different material system (pure 1,2-dichlorobenzene). This confirms the
validity of the undertaken simplifications. The numerical approach can aid the
design of solvent blending ratios in order to change the transition from fast to
slow drying at distinct film compositions. Further the overall drying time can
be optimized by temperature and gas flow rate to a desired value. By chang-
ing the Sherwood correlation to, e.g. slot nozzle driers for suitable conditions
in roll-to-roll dryers, lab scale results of the drying process-film property
relationship can be transferred to appropriate process conditions of a roll-to-
roll manufacturing process.

In conclusion, within this thesis an experimental setup for spatially re-
solved thin film drying kinetics measurement could successfully be devel-
oped. The spatially resolved measurement was accomplished for single and
binary solvent systems of polymer-fullerene (P3HT:PCBM) solutions as used
in OPV. The effect of a moving drying front in gas flow direction has been
quantitatively investigated. It leads to a local acceleration of the film shrink-
age as the drying front approaches and to an increased overall drying time in
gas flow direction. The analytical approach of Brauer et al. (solvent mass
transfer coefficient as a function of time and space) shows a very similar
behavior, but needed to be adapted in two parameters to the experimental
drying kinetics data. The fitted correlation allows a spatially resolved calcula-
tion of thin film drying kinetics with full mass transfer limitation in the gas
phase for single and also for multiple solvent systems. This was demonstrated
for two solvent mixtures in a comparative study with experimental data. This
work could proof, that neglecting this effect leads to tremendous misinterpre-
tation of local and integral drying kinetics measurements with limitations in
the gas phase mass transfer.
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3 Solution behavior of organic semiconductors

In the previous chapter the kinetics of film drying were discussed. The origin
of the influence of drying kinetics on solar cell efficiency 1s unclear and shall
be investigated in this work. Film crystallinity and nanomorphology, which
form during film drying, play an important role for solar cell performance and
are assumed to be the decisive link between device performance and film
formation kinetics. In order to investigate the competitive interplay between
thermodynamic equilibrium and kinetic limitations, we now focus on the
thermodynamic behavior of the polymer-fullerene solution. Since crystalliza-
tion during solvent evaporation is solubility driven, we initially focus on the
solubility and phase behavior of PCBM and P3HT solutions. Up to now, the
polymer-fullerene phase diagram is only known for crystallization from melt
of P3BHT:PCBM measured by calorimetry [147, 165] and dynamic mechanical
analysis [141]. In this work the phase diagrams of the binary PCBM-DCB and
P3HT-DCB solutions were determined. This was done by preparing a slightly
oversaturated state, whereupon, in a subsequent step after centrifugation, the
composition of the coexisting phases was determined for each temperature.
For comparison few solubility data is available in literature which is listed in
Table 3.1.

Table 3.1: Solubility data of P3HT and PCBM in o-dichlorobenzene. All
data is given in mg/ml and was converted to mass fraction in weight per-

cent.
Substance Solubility Temperature Reference
P3HT 2.3wt.% (30mg/ml) 18-22°C [166]
PCs;:BM >3.8wt.% (>50mg/ml) 18-22°C [166]
PCs1BM 7.7wt.% (100mg/ml) room temperature [100]
PC7;.BM 15.5wt.% (203mg/ml) room temperature [167]

! Natalie Schnabel [191] dedicated her diploma thesis and Stefan Jaiser [190] his student research
project to the solution behavior of organic semiconductors. The essence of this chapter is published
in [81]
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3 Solution behavior of organic semiconductors

3.1 State of the art

A simple approach towards the description of the solubility of a substance is
the cohesive energy density (CED) theory developed by Hildebrand and Scott
[168] which was extended in 1967 by Hansen [169-171] with distinction
between dispersive, dipole-dipole and hydrogen-bonding forces. With this
group contribution approach Kim et al. determined the solubility limit of a
ternary solid-solid-solvent system of organic semiconductors [101]. The
phase diagram aided the interpretation of the observed final film structures
which are assumed to arise in a spinodal phase separation process [172].
Walker et al. applied solubility parameters in the search for appropriate
solvents and for device optimization of a novel polymer-fullerene blend
[167]. However, this method is limited to the accuracy of group contribution
methods.

Jukes and Heriot et al. investigated the drying film of pure polymer and
polymer blend solutions whereby they observed a bilayer formation due to
phase separation with subsequent stratification of one component at a distinct
composition [126, 127]. To further extend the image of undergoing processes
during film drying and simultaneous phase separation Michels [173] simulat-
ed this process based on an approach of combined Flory-Huggins [174-176]
and Cahn—Hilliard theory [177, 178]. The simulations of the macroscopic film
structure evolution of a binary organic semiconductor blend solution show
surface-directed spinodal decomposition, being triggered by small differences
in substrate- and/or air-interface interaction energies of the separating phases.
Hence, solubility limits and unstable spinodal regions in the phase diagram
are crucial for understanding the driving forces of structure evolution. How-
ever, it has finally to be evaluated if this type of phase separation coincides
with the polymer-fullerene segregation which is relevant for OPV.

3.2 Thermodynamics of polymer solutions

In this thesis the phase diagrams of the established organic photovoltaic
material system P3HT and PCBM was elaborated for the binary solutions of
different solvents. Flory-Huggins parameters are determined from the exper-
imental phase diagram data as prerequisite for future work of simulations as
accomplished by Michels. The relevance of the binary phase diagrams of
P3HT and PCBM solutions in terms of the phase separated P3HT-PCBM
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3.2 Thermodynamics of polymer solutions

structure is discussed in chapter 4.5, where the structure formation of the
ternary system is observed in-situ as the structure evolves.

3.2.1 Flory-Huggins theory

A thermodynamic system is striving for a minimum of free enthalpy of
mixing in order to reach thermodynamic equilibrium. Negative free enthalpy
of mixing is necessary for the miscibility of two components, but not a
sufficient condition. Within the Flory-Huggins theory' the free enthalpy of
mixing AG,, for non-ideal polymer solutions can be described by

with 7" as temperature of the system. The enthalpy of mixing AH), and
entropy of mixing AS,, are discussed in the following. In statistic thermody-
namics the lattice theory [176, 179, 180] can be applied for describing AS,,.
Herein, a lattice is filled by the number N; of solvent molecules and N, = P -
N; polymer molecules. N; is equivalent to the relative molar volume of
component i. Polymer chains are divided into P segments equivalent to the
size of solvent molecules (lattice size). For the used type of P3HT P = 300.
Statistic considerations for the occupation of lattice spaces lead to the expres-
sion of the entropy of mixing AS,, as a function of volume fraction

. N NP
with ¢, = Ni+P-N P2 = N4,

with the ideal gas constant R = kg - N4, the molar fraction X; = N; /N,
and ¢; as volume fraction of each component. Following, we want to consider
interaction forces between the lattice segments of the next lattice neighbors.
Long range interaction over larger distances is neglected. In the case of a
polymer solution there are three types of interactions associated with the
expression of a characteristic energy &;. Solvent-solvent interactions are
denoted as &;, polymer-polymer interactions as &, and solvent-polymer

" Paul John Flory was awarded the Nobel Prize in Chemistry in 1974 "for his fundamental
achievements, both theoretical and experimental, in the physical chemistry of macromolecules."
Together with Maurice Loyal Huggins he elaborated the Flory-Huggins solution theory.
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3 Solution behavior of organic semiconductors

interactions as &;,. For the dissolution of each polymer segment a polymer-
polymer contact and solvent-solvent contact is broken followed by the
generation of a polymer-solvent contact. Hence, the generated energy differ-
ence Ae can be expressed by

1
Ag = &1 — 5(811 + 822) 33

With the number of contact points p
p=X°N2°Z'g01=N1'Z°(p2 3.4
with x - N, as the number of lattice spaces occupied by the polymer mol-

ecule and z as the coordination number of the lattice. Neglecting excess
volume of mixing AV,, = 0 leads to

Subsequently we can define the enthalpy of mixing as

AHy =AUy =p-Ae=Ny-z- @y, -Ae =Xy @, ¥ R-T 3.6

with the polymer-solvent interaction parameter

*_z-Ae 17
X_kBT '

Combining equations 3.1, 3.2 and 3.6 we receive the Flory-Huggins-
equation

Strictly seen, this equation is only suitable for athermic solutions. How-
ever, it is common to incorporate additional contributions of AS,;, which
originate from the interactions between lattice segments, into y*. The deriva-
tive of equation 3.8 over X; and X, delivers an expression of the chemical
potential Ay; and the activity for each component in the mixture.

Ay 104Gy
RT ~ RT 0%,

1
=lng01+(1——>-(p2+<p%-)( 3.9

l -
na, P
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3.2 Thermodynamics of polymer solutions

RT  RT 0%,

Ina, = =Inp,+(1—P)- @, +P- -3 -y 3.10

Commonly y is fitted to measurements of the chemical potential. For the
calculation of AG, which requires y*, the first derivative of y must be
formed. If the interaction parameter y(T) is only a function of temperature,
both definitions of the interaction parameter are equal (x* = y). If x(T, )
also is a function of volume fraction the definitions of the interaction parame-
ters differ (x* # y) and the derivative of y(T,¢) depends on the chosen
empirical function. In chapter 3.5 the Flory-Huggins-equation is applied to
phase separating polymer solutions. In thermodynamic equilibrium the
chemical potential and activity is alike for coexisting phases. After determin-
ing the composition for both phases, such as “sol” which is denoted as ’
(prime) and “gel” phase denoted as ** (double prime), the interaction parame-
ter can be derived from equation 3.9 with Ay, = Au," and equation 3.10
with Au," = Aup,"" giving

= Ingy + (1 —1/P) @3 —Ingp; — (1 —1/P) - ¢,

12 "2
P — Py

3.11

Xzlwé’+(1—P)-¢i’—ln<pé—(1—P)-<p1

- ~ 3.12
P(§012 — ¢ 2)

The interaction parameter (T, @) is usually fitted to experimental data
and can be a function of temperature, volume fraction or other influencing
parameters. Several models comprise these dependencies [172, 181-185].

For the calculation of the phase diagram the free energy of mixing is
plotted against the volume fraction of polymer ¢, for different temperatures
(Figure 3.1). Both coexisting phases ~ and *~ exhibit the same chemical
potential

Au," = Apy" and A, = Ap," 3.13
Points that comply with these conditions are on the common tangent and

depict the binodal curve of coexisting phases. The inflection points of AGy,
enclose the unstable spinodal region. The condition for the spinodal curve is
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3 Solution behavior of organic semiconductors
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Figure 3.1: Construction of a polymer solution phase diagram (bottom)
based on the plot of the free energy of mixing (top).

Binodal and spinodal curve enclose the metastable area where nucleation
and growth are the governing mechanisms of phase separation. By crossing
the spinodal curve the system undergoes spontaneous phase separation.
Further details on thermodynamics of polymer solutions can be found else-

where [186-188]. The solubility parameter concept is presented in the appen-
dix (see A 2.1).
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3.3 Experimental method

For the polymer P3HT (Rieke Metals 4002E, M,,~48900 g/mol,
polydispersity 1.7) and the fullerene derivative PCBM (Solenne, purity
>99%) no thermodynamic data was available and had to be determined within
this thesis. Common methods for the determination of the chemical potential
of a solution are such as osmotic pressure, vapor pressure, gas-liquid chroma-
tography, freezing-point depression, swelling equilibria, intrinsic viscosity,
light scattering, and other methods [187, 188]. Both substances are highly
light absorbing which excludes optical methods as remedy of first choice.
Commonly low volatile aromatic solvents, such as 1,2-dichlorbenzene
(ppcp(25°C) = 1.8 mbar), chlorobenzene (p-g(25°C) = 16 mbar) and o-
xylene (poxy,1(25°C) = 8.8 mbar) are used for this polymer-fullerene blend.
At such low vapor pressures it is hard to determine the reduction of vapor
pressure by the addition of a few weight percent of the low soluble solid
substances to the solvent.

Hence, a method dealing with low material consumption had to be elabo-
rated in this work for the determination of the phase diagrams of P3HT and
PCBM. Oversaturated solutions were prepared in the phase separated state
with a subsequent determination of the composition of each phase. This shall
be explained in the following and is schematically depicted in Figure 3.2.

Slightly oversaturated solutions of the binary P3HT and PCBM solutions
are prepared in 2 ml safe-lock tubes (Eppendorf). This was done in iterative
steps in order to prevent excessive amounts of insoluble solid substance,
which would falsify the solid fraction in the solid rich phase. For statistical
reasons 4 samples were prepared for each temperature independently in
different vials. The solution was stored for about 18 hours at a defined
temperature under agitation. Koppe et al. observed completed gelation after
not more than 16 hours for several molecular weights of P3HT [189]. After
this period of time, it was checked if the samples showed two coexisting
phases. If not, further solid was added and further 18 hours of agitation under
controlled temperature followed. This was done until the amount of both
phases was sufficient for the further analysis. The phases can be distinguished
in a solid rich, higher viscous gel phase and a lower viscous solution phase.
The purity of both phases is promoted by centrifugation, whereby a tempera-
ture controlled centrifuge (Sigma 2-16KCH) was used at the equilibrium
temperature. In order to diminish the influence of shearing forces during
centrifugation, samples rested for further 2 hours without agitation in a
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3 Solution behavior of organic semiconductors

temperature controlled environment. Subsequently samples of each phase are
extracted by a syringe.

Phase |

Solvent

-~

.'F" -
— —_— Separation &
. " Analysis
Solid \ _

Solution preparation Shaking & Centrifugation &
Tempering (18h) Resting (2h)

Phase Il

Figure 3.2: Scheme of processing steps for the preparation of a two
phase solution with subsequent concentration analysis of each phase.
[190]

Both extracted phases are diluted afterwards (100 pul sample added to
900ul solvent) in order to prevent a repeated phase separation due to cooling
at room temperature, which is the case for samples investigated at elevated
temperatures. The dilution ratio is checked gravimetrically assuring high
accuracy. Afterwards the solid mass fraction of each semiconducting com-
pound is determined by means of refractive index measurements of the
diluted solution (calibration see appendix Figure 10.7). For the analysis an
Abbe refractometer (Dr. Kernchen) was used with a wavelength of 589 nm.

For ternary P3HT-PCBM-solvent the separation of both dissolved solid
constituents are required. Therefore the extracted samples were processed by
size exclusion chromatography (SEC) and quantitatively analyzed with a
diode array detector (see appendix Figure 10.8). Although the analysis
method could be elaborated for this ternary system, difficulties of sample
extraction out of low amounts of dark and turbid solution prevented reliable
data of the ternary phase diagram.
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3.4 Fullerene solution

3.4 Fullerene solution

The C¢; fullerene derivative PCBM is commonly used as electron acceptor in
organic solar cells. It exhibits a single solubility limit in all investigated
solvents which is depicted for 1,2-dichlorobenzene in Figure 3.3. The solu-
bility increases with temperature. An increased solubility expresses stronger
solvent-PCBM interactions which can be fortified with increasing tempera-
ture. By crossing the solubility limit due to solvent evaporation (film drying),
solid PCBM aggregates form and precipitate. The residual solution maintains
at the solubility limit as shown schematically in Figure 3.3a).

a) o q 0
® o
o [ J
o ©® °
b) 60 4
50 A v
Solution Solution
O 40 + Solid
‘E‘ 4
2 30+
@©
T >
e 20+
(0]
2 |
10 +
_ O  Solubility Limit
04 Exponential Fit
T T T T T

Mass Fraction PCBM [g, ., /9]

Figure 3.3: a) Scheme of PCBM aggregation after crossing the solubility
limit. b) Solubility of PCBM in DCB as a function of temperature. Error
bars are mostly smaller than the symbol size. The arrow indicates the
drying process at 25°C and the star symbol the instant of phase transi-
tion. [81]

The temperature dependence of PCBM solubility can empirically be de-

scribed by the following exponential approach

T
22.267

XpceMmax = 3-034-107° - exp( ) +9.932.1073 3.15
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3 Solution behavior of organic semiconductors

R? =0.9903

with the temperature T as the absolute temperature and R? as the cor-
rected determination coefficient. Additional data for other solvents can be
found in chapter A 2.3.

3.5 Polymer solution

In contrast to PCBM solutions which exhibit a single solubility limit polymers
tend to phase separate in solution into a sol and a gel phase (Figure 3.4). This
happens if the polymer concentration is situated in a thermodynamic unstable
region. Figure 3.4b shows the phase diagram of P3HT in DCB solution with
the binodal curves of coexisting solution and gel phase. The dashed line is
just a guide to the eye. The solution is stable in the concentration range
usually used for coating of such solutions for organic solar cells at room
temperature (x, < 3 wt.%, or < 40mg/ml). With solvent evaporation at a
constant temperature (arrow indicates evaporation at 25°C) the P3HT solution
reaches the solubility limit at a solid mass fraction of, e.g. x,=5.1 wt.%
(interpolated for 25°C) and enters the unstable area. The demixing in this
unstable area usually originates from strongly differing dynamics of the small
solvent and comparatively big and in this case also rigid polymer molecules.

As illustrated above the phase diagram in Figure 3.4a, the demixing pro-
cess, which is thermodynamically preferred, leads to an aggregation of
polymer chains and ends in a physically cross-linked network. These solid
rich aggregates comprise a solid fraction of x,=10.2 wt.% compared to 5.1
wt.% in the residual solution. Aggregates grow as long as the solution (in our
case the drying film) remains in this unstable area, until the whole film turns
into a higher viscous gel phase. The width of the unstable two phase region is
almost zero at 50°C (overlapping error bars) indicating an almost continuous
increase of viscosity without phase separation at this drying temperature. At
higher temperatures, the dynamics of the large polymer and small solvent
molecules differ strongly due to increasing thermal energy causing the
expansion of the two phase region. Although gravity and density effects
might not have an effect in thin films below 20 pum, it is noteworthy that the
gel phase (solid rich) density is lower than the solution phase (solid poor)
density due to the lower density of P3HT (pps;ur = 1.1 g/ml) in comparison to
DCB (ppcg = 1.3 g/ml). Macroscopically, after centrifugation, this leads to a
floating gel phase on top of the solution phase.
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Figure 3.4: a) Scheme of the transition from solution to gel state with
polymer aggregation in the unstable two-phase region, before the solu-
tion turns into a higher viscous gel during solvent evaporation. b) Phase
diagram of P3HT solution in DCB with unstable two phase region be-
tween the solution and gel state. Dashed lines are just a guide to the
eyes. The arrow indicates the drying process at 25°C and the star sym-
bols the instant of phase transition. [81]

The mass fraction is chosen as concentration unit for comparison reasons
with data in the succeeding sections. Neglecting excess volume, it can be
converted into volume fractions by

K -1
Xk Pi

= -x 3.16
Vi (le Pk)

k=1

with ¢; as volume fraction, x; as mass fraction, p; as density of compo-
nent i and K the number of components.

The chemical potential is equal for the coexisting sol (half filled circles
in Figure 3.4) and gel phase (s. eq. 3.13, filled circles in Figure 3.4). The
comparison of the polymer volume fraction of both phases, according to

63



3 Solution behavior of organic semiconductors

equation 3.10, delivers the associated interaction parameter 7y of the coexisting
phases in thermodynamic equilibrium. This was done for different tempera-
tures and solvents. The main focus was on the mainly used solvent DCB
wherefore each point in the phase diagram was determined at four independ-
ent samples. For all other solvents each sample was only accomplished twice.
The resulting interaction parameters are given in Table 3.2.

Table 3.2: Flory-Huggins interaction parameter y for P3HT solutions in
the given solvents. y is derived from the averaged polymer volume frac-
tion of the coexisting sol and gel phases. [190, 191]

Temp. 0o-DCB  Chloroform  p-Xylene Toluene Tetralin ~ Mesitylene
[°C]

0 0.581 0.570 0.567 0.569 0.577
10 0.561 0.565 0.570 0.571 0.565 0.570
20 0.564 0.560 0.567 0.565 0.567 0.569
30 0.562 0.571 0.564 0.562 0.569 0.569
40 0.567 0.569 0.561 0.561 0.568 0.568
50 0.569 0.560 0.573 0.568 0.561
60 0.585 0.590

The low solubility and narrow two phase region complicates the calcula-
tion of the phase diagram close to a chemical potential and activity of the pure
solvent. The focus of this work was to evaluate the relevancy of the solutions
phase diagram in conjunction with the drying kinetics for the structure
formation in polymer-fullerene blends.

Reliable data for the ternary polymer-fullerene-solvent system could not
be obtained by the available amount of organic semiconducting material and
techniques. Hence, up to this point, information on polymer-fullerene interac-
tion forces is lacking. In the following chapter 4.3, the relevance of the phase
transitions determined in this chapter shall be discussed in relation to the
evolving film structure of the ternary system, which is observed in-situ. By
this method, qualitative information about polymer-fullerene interaction
forces in the ternary solution could be obtained.

In conclusion, the phase diagram of P3HT and PCBM solutions have

been successfully determined in the temperature range 0-60°C which provides
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3.5 Polymer solution

a fundamental understanding of the macroscopic solutions behavior. In the
following sections it will be elaborated how structure formation during drying
proceeds by crossing the solubility limits determined in this section. The
temperature influence on the mechanisms of structure formation can also be
discussed in relation with the solutions phase diagrams.
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4 Morphology formation in polymer-fullerene
films

In chapter 2 new methods for the measurement of film thickness evolution
during thin film drying have been introduced. In combination with simula-
tions of film drying it is even possible to handle quaternary systems, such as
polymer-fullerene blends dissolved in a mixture of two solvents. The preced-
ing chapter 3 delivers the information of the solubility of each substance
which is crossed in the course of solvent evaporation during film drying. Thus
we are able to plot the drying path through the phase diagram and to deter-
mine the instants of expected phase transitions.

Hence, we are now at the starting point for the systematic investigation
of the impact of film drying kinetics and phase behavior on the final film
morphology. A strong influence of the kinetics of film drying on the final
device properties have been reported [109, 110, 192]. Hence, we raise the
hypothesis that this originates from differences in blend morphology. Under-
standing the driving mechanisms for molecular ordering during this process
step is the key for systematically tuning the blend morphology and solar cell
device properties with drying process parameters. The steps of the investiga-
tion in this thesis are divided as follows

e Understanding the mechanisms and dynamics of morphology formation
during solvent evaporation

e Identification of key parameters for the manipulation of film morpholo-
gy during film drying

e Exploitation of influencing parameters in order to generatge a favorable
morphology for optimized solar cell performance

The experimental methods for the characterization of the multi scale
morphology, which ranges from the molecular level to micrometer scale, are
discussed in section 4.2.

4.1 State of the art

The phenomenon of thermo reversible gelation of P3HT solutions was
already observed by Malik et al. [193]. A gel state signifies a physical cross-
linked state of polymer chains over macroscopic distances in comparison to
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4 Morphology formation in polymer-fullerene films

the contour length of the polymer, which is for example approximately
120 nm for 50 kg/mol weight average P3HT [46]. In the progress of this
thesis Koppe et al. [189] investigated the effect of polymer gelation towards
solar cell properties. They observed turbidity, but no color shift in a first step
of aggregation followed by a color shift when the state of entire gelation was
reached. This implies several successively proceeding structural changes in
the process of gel formation. Remaining the concentration of the solution
constant, it takes several hours for reaching the gel state. Koppe et al. could
show that the P3HT:PCBM blend film morphology fabricated by solution
casting of the gel state is beneficial for the device performance. However, the
structural evolution in this process has not yet been investigated and it is not
known how the dynamics of molecular ordering are affected by the kinetics of
solvent evaporation in the drying film. Furthermore, it is not clear how the gel
transition is related to the solubility of both solid substances and how it
proceeds during film drying.

Peet et al monitored the evolution of absorption spectra for drying
PCPDTBT:C;,-PCBM films cast from 1,2,4-trichlorobenzene [55]. This
extreme low volatile solvent with a boiling point of about 214°C is required
for reducing the drying process due to the comparatively slow data acquisition
of spectrophotometers. Their work provides a correlation of optical transitions
with approximated stages of drying, but does not afford a detailed insight into
the evolution of structural ordering or quantitative information of film com-
position. Recently, Wang et al. [57] investigated the drying process of
P3HT:PCBM films with spectroscopic ellipsometry (SE) and grazing inci-
dence X-ray scattering (GIXS). In their approach, very similar to this thesis, a
structure sensitive X-ray technique was combined with an optical technique in
the spectral UV-vis range in order to obtain both, the structural information
and the evolution of film composition (volume fraction of solvent). The
experiments were accomplished with both techniques in the same setup but
not simultaneously as it has been done in this thesis. Ellipsometry reveals the
existence of a diffusional limitation in a final drying stage, although the
diffusion path is short in films of about 100 nm thickness. The kinetics of
crystallization as obtained by X-ray scattering are explored using the Avrami
equation [194-196] in the form

Yy =1—eKt" 4.1
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where Y is the volume fraction of the crystalline component, and K and »
are fitted constants [57].

A method for controlling morphology independently from film pro-
cessing is the pre-aggregation of polymer fibers in solution even before film
coating. This provides a possibility for long aggregation time in the order of
hours or even days without drawbacks in fabrication speed, since aggregation
time and processing time are decoupled. P3HT whiskers provide high hole
mobility along the fiber direction [45], which is beneficial for hole extraction
out of the BHJ structure. Basically these whiskers can be generated on two
ways. First, solutions can be dissolved at elevated temperatures, which
undergo whisker formation after crossing the solubility limit of the polymer
during a cooling step [197-204]. The second manner is the addition of an
“unfriendly” solvent for the polymer, such that whisker formation is induced
[162, 205, 206]. By these methods whiskers are observed to form during gel
formation.

The addition of selectively PCBM solving low volatile additives has also
been shown to effectively promote the formation of an overall more efficient
film morphology [55, 87, 100, 207-210]. The effect of the additives is to
dramatically increase aggregation and order within the polymer domains
while excessive crystallization of the fullerene i1s avoided [211].

4.2 Experimental Methods used in this thesis

For the characterization of the in this thesis fabricated thin films atomic force
microscopy (AFM) was used in tapping mode for the measurement of the film
surface morphology (see A 3.2). Access to the AFM (Dimension Icon, Veeco)
was provided by the Karlsruhe Nano Micro Facility (KNMF). For the charac-
terization of the bulk morphology scanning transmission electron microscopy
(STEM, see A 3.3) measurements were carried out by Marina Pfaff at the
Laboratory for Electron Microscopy (LEM) at KIT. In collaboration with
Monamie Sanyal and Esther Barrena of the Max Planck Institute of Metals
Research, novel approaches of synchrotron based grazing incidence X-ray
diffraction have been developed for to the dynamic crystallization process of
drying thin films. By this method the self assembly of solution cast polymer-
fullerene films could be studied for the first time in situ during solvent
evaporation which is explained in the following.
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4 Morphology formation in polymer-fullerene films

4.2.1 Grazing Incidence X-ray Diffraction (GIXD")

X-ray diffraction is a common technique for the investigation of crystalline
materials® since the wavelength is in the order of the crystalline lattice spac-
ing. X-ray scattering from thin films of polymers is relatively weak due to the
weak scattering strength of carbon, the small number of scattering planes, and
also disorder in these films [212, 213]. Thus to achieve measurable scattering
intensities, either long integration times or high flux X-ray sources are
required [214]. Synchrotron sources provide the high flux required to examine
the scattering over a larger dynamic range, as it is needed for the real time
observation of blend crystallization during film drying in this work.
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Figure 4.1: Reflection and interference at crystalline material according
to Bragg with the beam angle of incidence ©. The optical path difference
is indicated as A.

The incident beam is getting diffracted at periodic repeating structures of
crystalline substances and undergo coherent scattering (diffraction). In the
case of X-ray scattering the electromagnetic wave interacts with electrons of
the crystalline material, which spherically emit radiation of the same wave-

! Other common abbreviations for this technique are GID, GIXRD. Even grazing incidence X-ray
scattering (GIXS) and grazing incidence wide angle X-ray scattering (GIWAXS) are accomplished
in a similar way and deliver similar diffraction patterns. The manner of the diffraction/scattering
pattern analysis is also determining the terminology in these cases.

* In 1912 Max von Laue, Walter Friedrich and Paul Knipping discovered X-ray diffraction at
crystals. For this work von Laue was awarded the Nobel Prize in Physics in 1914.
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length. Figure 4.1 depicts the pathway of the portion of emitted radiation
under @,,;, = O,,.

The angle between direct and diffracted beam 1s 26. The diffracted par-
tial beams generate constructive interference at appropriate angles, if the
optical path difference, denoted as A, is a multiple of the wavelength, as it is
described by the Bragg condition 4.2

n-Aa
2dpk1

sin® = 4.2

The angle @ for Bragg condition (n= 1, 2, 3, ...) depends on the lattice
spacing dy’ and the wavelength A (e.g., 1-1.55 A at 12.3-8 keV). For wide
ranging crystalline ordered substances higher order Bragg conditions
(n=2, 3, ...) of constructive interference can be observed. According to
equation 4.2, smaller scattering plane spacing dj, results in a higher diffrac-
tion angle for observing constructive interference, which is later observed as
Bragg peak.

b) (020)

1(100)

n—n—stacking

Figure 4.2: a) Stacking of P3HT molecules in edge on configuration. b)
Simplified drawing of P3HT unit cell. (100) and (020) are the two crys-
talline directions. Chain folding occurs predominantly at higher molecu-
lar weight polymers while low molecular weight polymers tend to stack
in the stretched linear form.

"HKL originates from the Miller indices which is a common notation system in crystallography for
crystalline orientations. In the case of this work the directions (h00) and (020) are of importance.
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4 Morphology formation in polymer-fullerene films

Figure 4.2a and b depict a model of the common unit cell for crystalline
P3HT domains. P3HT molecules are mainly oriented with their backbone
parallel to the substrate and their alkyl side chains normal to the substrate.
Polymer chain folding/stacking leads to lamella formation in (100) direction
normal to the substrate. Interlayer stacking in (020) direction of such lamellae
is driven by m-orbitals of sp>-hybridized carbon atoms in the conjugated
backbone, which protrude normal to the lamella plane. This (020) interlayer
stacking provides m-m-orbital overlapping in-between the lamellae layers and
an additional direction of delocalized electrons, which results in high hole
mobility in (020) direction (s. section 1.2).

As mentioned before, X-ray scattering at polymers is comparatively
weak, especially at such thin films in the range from 20-500 nm. Operating at
grazing incidence conditions (Figure 4.3) with low angles of incidence
O < 0.2° provides a maximized pathway through the film and a minimized
effect of the substrate. The index of refraction of organic materials at X-ray
wavelengths is slightly less than unity leading to total external reflection at
small angles. The angle of total reflection is called critical angle. In the
regime of total external reflection (i.e. for incidence angles less than the
critical angle) a so-called evanescent X-ray wave field forms inside the less
dense medium and propagates parallel to the surface. This establishes the
basis of GIXD to probe the structural properties of the surface of the materi-
als. With slightly increasing angle of incidence the penetration depth of the X-
ray beam can finely be adjusted, allowing for a vertical probing of the thin
film. An important requirement for a well-defined calculation of the penetra-
tion depth is a highly smooth surface, which is not always the case for the
investigated films. Hence, this work focuses merely on the integral structure
of the entire film.

In grazing incidence geometry, the incidence angle is kept below the
critical angle of total reflection, preventing the penetration of the substrate
which would cause strong diffraction and scattering effects. A disadvantage is
the geometrical mismatch of the planar 2D detector with the spherical space
(Laue sphere) of exact Bragg condition. Hence, with a 2D detector the Bragg
condition is only met at a single spot and the specular rod (g., = 0, g.) cannot
be accessed in the reciprocal space. Therefore for a quantitative structural
analysis of the out-of-plane structure (along g.), ex-situ measurements by X-
ray reflectivity were accomplished in this thesis. A more detailed explanation
of this technique can be found in the thesis of Monamie Sanyal who conduct-
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4.2 Experimental Methods used in this thesis

ed the GIXD analysis of all in this thesis mentioned experiments and in
further references [214-217].

w (020)

4(100)

Sample

Figure 4.3: Grazing incidence geometry for X-ray diffraction and scat-
tering at thin films. The inset depicts the typical unit cell of P3HT in edge
on configuration (According to [214]).

The key advantage of a 2D X-ray detector is that it permits viewing of a
large volume of reciprocal space within a single collection frame in very short
time. The fast acquisition speed, in a time scale of seconds, enables a real-
time study of the crystallization of the polymer-blend. Figure 4.4 depicts
schematically several typical diffraction features on the left and the appropri-
ate structures on the right. According to the ideal edge on orientation of P3HT
as depicted in Figure 4.3, where the linear scattering centers (polymer back-
bones) are parallel to the substrate, we would observe a spot like diffraction
pattern in out-of-plane direction ¢.. This diffraction pattern is related to the
(100) planes, which is denoted as (100) Bragg peak (Figure 4.4a). Increasing
misalignment with respect to the substrate causes a wing-like spread of the
Bragg peak as depicted in Figure 4.4b. Powder like materials exhibit random-
ly orientaed crystallites which correspond to a diffraction ring (Figure 4.4c).

A common expression for the amount of increasing misalignment, as it is the
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4 Morphology formation in polymer-fullerene films

case in the order from Figure 4.4a-c, is the so called mosaicity', which is
explained below.
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Figure 4.4: lllustrated diffraction features (left) of some exemplary scat-
tering plane orientations (right). (According to [71])

For the case of (100) scattering planes mainly oriented normal to the
substrate (Figure 4.4d), one would observe the (h00) peaks in the in-plane
direction g, (Figure 4.4d). For P3HT films oriented in edge-on configuration,
the (020) diffraction peak characteristic of the n-n-stacking is found in-the in-
plane direction.

This work focuses on the blend of the conjugated polymer P3HT and the
fullerene derivative PCBM. An exemplary 2D X-ray diffraction image is

' The expression originates from the analogue of crystalline mosaic pieces, which are not perfectly
aligned to each other as mosaic stones.
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4.2 Experimental Methods used in this thesis

shown in Figure 4.5. From Figure 4.4 we can already qualitatively derive
several structural features of the investigated film.

(300)

Figure 4.5: GIXD diffraction pattern of a P3HT:PCBM blend film at na-
tive silicon substrate fabricated by doctor blading.

First of all, the powder like diffraction ring of PCBM reveals, that
PCBM clusters are randomly orientated in the film and exhibit a smaller
spacing (center to center spacing is around 10 A [60, 218]) in comparison to
the P3HT Bragg peaks, which is expressed by the higher angle for construc-
tive interference of the diffraction ring. P3HT exhibits three Bragg peaks in g,
direction, which are related to the (h00) lamella stacking with a spacing of
around 16.5 A. The existence of three diffraction order peaks indicates long
range ordering in this crystalline direction. The wing-like shape of the (100)
Brag peak indicates an orientation distribution of the P3HT crystallites which
are mainly oriented in edge-on orientation. The high background intensity,
which appears in green in Figure 4.5 surrounding the P3HT (100) Bragg peak,
originates from randomly oriented P3HT crystallites. In the in-plane g,
direction another Bragg peak appears, which is related to the P3HT (020) n-n-
stacking exhibiting a spacing of about 3.8 A.

For each Bragg peak 2D GIXD provides the following information about
crystallinity
e spacing in-between scattering planes, which is here the molecular stack-
ing distance

e mosaicity, which is a measure of the orientation distribution of crystal-
line domains with respect to the substrate
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4 Morphology formation in polymer-fullerene films

e relative amount of crystallites, which can give a measure of the ratio
between two crystalline directions according to the respectively integrat-
ed peak intensity

This amount of information can be obtained within a few seconds of integra-
tion time (about 3s in this work) for each 2D diffraction image by the utiliza-
tion of high intense synchrotron radiation. This fast acquisition time and huge
amount of structural information makes GIXD appropriate for the real time
observation of polymer-fullerene blend crystallization in thin films during

drying.

4.3 Real time observation of morphology formation'

In preceding chapters, the solubility limits and phase transitions of the used
soluble organic semiconductors are discussed for the solvent 1,2-
dichlorobenzene. This chapter comprises the in-situ measurement of
P3HT:PCBM blend crystallization in solution cast films by grazing incidence
X-ray diffraction (GIXD), which is accomplished simultaneously with laser
reflectometry. Figure 4.6 depicts schematically the combination of GIXD and
reflectometry, whereas GIXD reveals structural information and laser
reflectometry provides the evolution of film composition as discussed in
chapter 2.2. After the proof of principle of this experimental approach at the
synchrotron facility Angstromquelle Karlsruhe (ANKA) in 2009 all further
experiments have been carried out at the European Synchrotron Radiation
Facility (ESRF, Grenoble, France) which provides higher X-ray intensity for
reduced integration time of each measurement.

" The essence of this section is published in [58, 81].
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4.3 Real time observation of morphology formation

Reflectometer
thickness vs. time
A’( )

Figure 4.6: Scheme of in-situ drying experiments of knife cast
P3HT:PCBM films simultaneously monitored by GIXD and laser
reflectometry. [58]

Experimental The real-time GIXD study was done at beamline ID10B
with 12.3 keV (wavelength A = 1 A) photon energy in the European Synchro-
tron Radiation Facility (ESRF, Grenoble, France) during the evaporation of
the solvent in a temperature controlled drying channel (Figure 2.1) with X-ray
transparent aluminum windows. Figure 4.7 depict photographs of the experi-
mental hutch and the coating and drying setup. As substrates glass slides
coated with PEDOT:PSS or native silicon wavers were used. To enable slow
drying, the film was dried at 25°C without airflow. The X-ray diffraction
patterns of the drying blend film were taken with an area detector (MarCCD)
with 3 seconds of integration time in intervals of 50 seconds. After taking an
image, the sample was moved horizontally in the direction of coating by 0.6
mm (the horizontal beam size was determined by the horizontal slit width
which was 0.5 mm) to measure a section of the film not previously exposed to
direct radiation. The 2D MAR-CCD images were corrected and translated
into undistorted reciprocal space maps. The analysis of all GIXD experiments
of this work has been conducted by Monamie Sanyal within her thesis.
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4 Morphology formation in polymer-fullerene films
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Figure 4.7: a) Overview of the experimental hutch. b) Drying channel
mounted at the goniometer with horizontal incident X-ray. c) Coating
knife (doctor blade) at temperature controlled substrate carrier with its
step motor based drive. d) Closed drying channel with five reflectometers
on top.

Results and Discussion With the combined experimental approach of
GIXD and laser reflectometry the real time observed phase transitions shall be
compared to the expected phase transitions according to the superposition of
the binary phase diagrams (see chapter 3.4 and 3.5). The phase transitions
according to the binary phase diagrams are depicted in the ternary P3HT-
PCBM-DCB phase diagram as star symbols in Figure 4.8a. For improved
readability an enlarged inset of the upper corner of the ternary phase diagram
is additionally shown. The position of the freshly coated wet film is indicated
by the first open circle in the upper corner. The position of each GIXD
measurement obtained during film drying of a P3HT:PCBM (1:0.8) film is
also depicted in the ternary phase diagram (open circles in Figure 4.8a). The
appearance of different diffraction features are denoted in the ternary phase
diagram, but shall be evaluated more concisely later. The star symbols
indicate the position of the binary solubility limits at the binary axis.
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Glass / PEDOT:PSS 0 SEC. Xoe= 97.1Wt-% 80 SEC. Xoue= 96.4Wt-%

s S i OO P

P3HT
156 SEC. Xyge= 95.4Wt-% 234 sec. Xy,= 93.5Wt-% 312 sec. X,,= 89.1wt-%

390 sec. Xy= 66.3Wt-% 468 sec. X = <10Wt-% 546 sec. Xyz= <10wt-%

Figure 4.8: a) Ternary phase diagram of P3HT-PCBM-DCB; the star
symbols denote phase transitions in the binary cases. Each open circle
symbol indicates a frame of GIXD measurements shown in figure b). The
first image is of the neat PEDOT:PSS/glass substrate and the following
images show the evolution of film drying and crystallization. Below each
image, the drying time and actual solvent fraction is given. [81]
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4 Morphology formation in polymer-fullerene films

A first inspection of the diffraction patterns in Figure 4.8b already indicates
the evolution of the (100) Bragg peak of P3HT starting from a spot-like shape
(indicating an edge-on configuration) and ending as the often reported wing-
like shaped peak (larger orientation distribution) of the solid film [75, 219].
The film composition at each instant of GIXD measurement is mentioned
below each image.

In order to quantify the dynamics of blend crystallization, a measure for
PCBM and P3HT relative crystallinity must be defined. For the powder like
diffraction ring of PCBM we chose an integrated annular section of the
diffraction ring (s. Figure 4.5). In the case of the anisotropic structure and
diffraction pattern of P3HT, we use the annular integrated area of the (100)
Bragg peak in order to take all the crystallite orientations into account. This is
indicated by the area enclosed by two dashed lines in the inset of Figure 4.9.
However, the amount of P3HT crystallites is not the only information we can
obtain from the 2D images, since the mosaic spread obtained from the annular
peak width provides information about the orientation distribution of P3HT
crystallites.

5000

4000 -+

3000 FWHM -
= Mosaicity [/ /'

Intensity [arb.u.]

2000

1000

Angle [degree]

Figure 4.9: Evolution of the annular intensity profiles of the P3HT (100)
Bragg peak. The inset depicts the (100) Bragg peak integration area and
the annular geometry for the determination of mosaicity. The FWHM of
the shown Gaussian fits to the intensity distribution is called mosaicity.
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4.3 Real time observation of morphology formation

The intensity is expressed as a function of the annular angle as shown in
Figure 4.9, where the intensity profile is integrated in-between the indicated
dashed semi circles. These profile plots, which are Gaussian fits to the
measured data, depict the orientation distribution of P3HT crystallites with
respect to the substrate. A common measure for this distribution is the full
width at half maximum (FWHM), which is called mosaicity.

In the following the evolution of PCBM and P3HT crystallinity, as well
as the mosaicity of P3HT crystallites is discussed in relation to the evolution
of film composition during drying. The time evolution of the film composi-
tion is plotted in Figure 4.10a. To cover the entire evolution of the solvent
fraction, a model of constant gas phase mass transfer coefficient for the film
drying kinetics was adapted to the experimental data [56]. In high diluted
solutions, the decrease of solvent mass fraction xpcp proceeds slowly in the
beginning, leading to a long residence time at solvent fractions > 85 wt.%. As
the solid fraction becomes significant, the solvent fraction xpcz reduces
rapidly and a wide range in the phase diagram is crossed quickly, offering
little time for further molecular ordering. Nevertheless, the thickness decreas-
es almost linearly over the constant rate period (drying period I) due to an
almost constant evaporation rate. In the falling rate period (period II), at high
solid fractions, the evaporation rate decreases due to the increased diffusional
limitation of solvent being trapped in the film. This provides less mobility for
solvent transport to the surface. In this period no interference patterns are
observed anymore due to very low changes in film thickness, but the
reflectometer signal changes until the optical properties remain constant. This
state is defined as dry. Hence, experimentally we are able to determine the
time range of the falling rate period. The thickness evolution in this range can
be resolved by ellipsometry (see appendix section A 1.4 and [57]).

The bars in Figure 4.10a labeled with PCBM, P3HT (sol-gel) and
P3HT (gel) indicate the instants when the solubility limits/phase transitions of
each component are reached for the binary cases. The width of each bar
originates from two cases of transferring the binary phase diagrams to the
ternary system. Denoted as case 1), we assume that the solvent is distributed
between both solid constituents with respect to their weight ratio (here 1:0.8).
For case i1) we assume that the entire solvent is available for each solid
compound.
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Figure 4.10: a) Evolution of film composition (solvent mass fraction
Xpcp) during film drying of P3HT:PCBM films on PEDOT:PSS/Glass as
obtained from laser reflectometry (data - symbols, fit from model - line).
The labeled bars indicate ranges of phase transitions as expected from
the superposition of the binary phase diagrams. b) To obtain the meas-
ure of overall P3HT crystallinity in the blend film, the integrated area of
the P3HT (100) Bragg peak is plotted versus drying time. c) Evolution of
P3HT mosaicity during film drying. [81]

These expected transitions of Figure 4.10a are compared with the in real time
observed evolution of P3HT crystallinity (Figure 4.10b), obtained from the
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4.3 Real time observation of morphology formation

integrated intensity of the P3HT (100) Bragg peak. For P3HT, we initially
expect a delay in crystallization until the solubility limit is reached. Regarding
the marginally decreasing solvent fraction in this period, the expected instant
of delayed P3HT nucleation at the solubility limit (according to case 1 and ii
the P3HT solubility range is about x; = 5.1 — 9.1 wt.% which is equivalent to
xXpce = 90.9 — 94.9 wt.%) is confirmed by the appearance of the P3HT (100)
Bragg peak after 156 s of film drying at x;, = 4.6 wt.%. The integrated Bragg-
Peak intensity of P3HT is low at this phase of nucleation. Subsequently the
intensity increases and near the range of complete gelation, the second and
third order Bragg peaks appear, indicating further solidification and ordering.
When the film is dry, the intensity of the P3HT (100) Bragg peak also re-
mains almost constant. A slight intensity increase afterwards may be attribut-
ed to “solvent annealing” from the remnant solvent vapor in the atmosphere.
Note that there was no gas flow in the drying channel to ensure slow drying
conditions. In contrast to the expectations, PCBM crystallizes at a later stage
of drying, which will be discussed later.

The spot-like P3HT (100) Bragg peak, or in other words low mosaicity,
in Figure 4.8b at 156s indicates the initially formed P3HT nuclei to be very
well aligned in edge-on configuration [71, 75, 220]. This implies that the
nucleation is induced by a planar interface. Our measurements do not prove
whether the nucleation takes place at the film surface or the buried
film/substrate interface, but the most reasonable case shall be discussed in the
following. In literature strong influence of substrate surface energy on the
final dry film crystallinity is reported [94, 102, 221, 222], which suggests the
morphology formation to take place at the film/substrate interface. Further-
more, a solvent concentration gradient with increased solid fraction at the
air/film interface can be excluded as driving force for crystallization at such
an early stage of about 95 wt.% solvent fraction for the low volatile DCB. We
deduce therefore, that P3HT nuclei most probably form at the buried
film/substrate interface. From the well oriented layer, further polymer crystal-
lites are growing, whereby the subsequently formed P3HT crystallites exhibit
an increasing disorder, which can be seen in an increasing wing-like (100)
Bragg peak shape with proceeding solvent evaporation in Figure 4.8b and an
increasing mosaicity in Figure 4.10c.

Now we retake the discussion of initially suppressed PCBM crystalliza-
tion. Though the DCB and PCBM diffraction peaks nearly overlap, profile
plots in Figure 4.11 show the emergence of the diffraction peaks of PCBM
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4 Morphology formation in polymer-fullerene films

after DCB diffraction peaks have largely depleted. The overlap of
PEDOT:PSS and PCBM diffraction peak, makes it difficult to decipher the
appearance of the PCBM peak following the disappearance of DCB diffrac-
tion peaks. Hence, the profile plots in Figure 4.11 were taken with a bare
silicon substrate. The P3HT (100) Bragg peak at g.=0.4 A" appears in this
experiment at 702 s drying time (x; = 14 wt.%), while the PCBM diffraction
peak at g.=1.36 A starts to form at 864 s (x, = 46 wt.%). Even in compari-
son to the highest published PCBM solubility of 7.7 wt.% (see Table 3.1) our
observations give evidence to a foremost polymer crystallization followed by
a PCBM clustering at a later stage of drying.
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Figure 4.11: Selected profile plots at increasing drying times showing
the emergence of the diffraction peaks of PCBM, P3HT (h00) Bragg
peaks and disappearance of the diffraction peaks of the evaporating sol-
vent DCB on a silicon dioxide/silicon substrate (log scale left, linear
right). Vertical offset accomplished for clarification. [81]

According to these observations of oppressed PCBM crystallization,
strong interactions between the fullerene and polymer molecules may be
deduced. Hence, the polymer-fullerene interactions prevail over the fullerene-
fullerene forces that should facilitate a solubility driven PCBM crystallization
at the beginning of drying. This is supported by the observation of large
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4.3 Real time observation of morphology formation

micrometer sized PCBM crystallites if the polymer is absent [223]. Further, it
is remarkable that the dimensions of phase separated P3HT-PCBM structures
in the range of a few tens of nanometers are very small, even for very long
drying times in comparison to less miscible and hence less interacting blends
[101, 223, 224].

The spacing of P3HT alkyl chains does not offer enough space for inter-
calating PCBM molecules in-between the side chains [225]. Collins et al.
showed that in thermodynamic equilibrium P3HT crystallites only comprise
3-4 % PCBM [44]. Accordingly PCBM molecules must be squeezed out of
the area where the polymer crystallizes.There are many hints in literature that
this step of P3HT crystallization is a slow process as for example slow drying
promotes crystallinity [109, 110, 192]. Selectively PCBM solving additives
[55, 207] reduce these strong interactions and promote polymer crystalliza-
tion.

Solution Nucleation Crystal Growt
t=0s, x;=3 wt.-% Xs=5-14wt.%
° @o .
/V . o o N
Wel3 52
' %&} ) : 3
® o * ° ) '&.' A’ ==
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Period

Figure 4.12: Schematic of the stages of molecular arrangement during
solvent evaporation with nucleation at the substrate or air interface.
Lines represent P3HT chains, purple boxes P3HT crystallites, dots
PCBM molecules and grey circles PCBM aggregates. [81]

The above discussed structure evolution is schematically shown in Fig-
ure 4.12, where PCBM is symbolized as dots, PCBM aggregates as grey
circles, P3HT as lines and purple rectangles symbolizing crystalline P3HT
domains. Blend crystallization proceeds with the following steps: 1) P3HT
crystallization at the substrate surface followed by ii) polymer crystal growth
in (100) direction with increasing mosaicity. Subsequently iii)) PCBM is
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4 Morphology formation in polymer-fullerene films

squeezed out of the lamellae and aggregates in a final drying period. The n-n-
stacking is normal to the image plane and is therefore not illustrated. The
novel insights into morphology formation of this work provide a fundamental
understanding of the molecular assembly during film drying.

In comparison to a low PCBM solubility of only 3-4 % in crystalline
P3HT, Collins et al. observed a solubility of about 16 % in amorphous P3HT
regions [44]. This confirms the image of mainly pure crystalline P3HT
domains comprising very few PCBM inclusions, amorphous P3HT regions
containing higher amounts of PCBM molecules and PCBM clusters partly
intermixed in the amorphous P3HT regions.

4.4 Influence of polymer-fullerene blending ratio’

The powerful approach of real time observation of structure formation shall
now be applied to investigate the structure dependence on donor-acceptor
blending ratio, which is known to be crucial for efficient polymer solar cells.
It is known from literature that the optimized P3HT:PCBM blending ratio is
close to 1:0.8 [31]. The ratio dependence of device performance has been
investigated in relation to the binary P3HT:PCBM phase diagram by
calorimetry [147, 165] and dynamic mechanical analysis [141]. Optimum
device performance is reported to be in slight hypoeutectic composition
(slight excess of PCBM), which is assumed to increase the PCBM network
that acts as conductive electron pathways [165]. The available reports focus
on the investigation of equilibrium states generated by heating the blend films
up to the melting point. The focus of our work is on the ratio dependent
structural evolution during film drying as it proceeds in the fabrication
process of OPV.

Experimental P3HT:PCBM films were cast on PEDOT:PSS/Glass sub-
strates by doctor-blade (70 um slit width and S5mm/s coating speed) in the
ratios 1:0, 1:0.5, 1:0.8 and 1:2 from x,=3wt.% DCB solution. Final film
thicknesses were 200 nm (1:0.5), 135 nm (1:0.8) and 70 nm (1:2), due to the
decreasing fraction of higher viscous polymer. Pure PCBM was drop cast and

! The essence of this section is published in [80].
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dried under vacuum in order to prevent large scale crystallization. For the real
time observation, the drying gas flow in the setup was switched off for
realizing slow drying conditions. In-situ GIXD measurements were obtained
at ID10B beamline at ESRF as described before (wavelength A =0.934 A)
with 3 seconds integration time in intervals of 50 seconds. The 2D MAR-
CCD images (Figure 4.13) were corrected and translated into undistorted
reciprocal space maps. Ex-situ GIXD measurements at
PEDOT:PSS/ITO/Glass substrates were done at the MPI-MF beamline of the
synchrotron facility Angstromquelle in Karlsruhe (ANKA) at 8 keV energy
(A=1.55 A) with a point detector. The absorption was measured in transmis-
sion with a spectrophotometer (Perkin Elmer, Lambda 1050) using a blank
PEDOT:PSS/ITO/glass substrate as reference.

Results and Discussion  Figure 4.13 depicts four 2D X—ray scattering
frames for the drying process of each blending ratio. The top image shows the
as cast state of the wet film. The next image shows the appearance of the first
P3HT Bragg peak, followed by the appearance of second and third Bragg
peak. The bottom image depicts the state of the final film structure in the dry
state. At the beginning the diffraction images only comprise both DCB
diffraction rings. The appearance of the P3HT (100) Bragg peak shows for all
cases a spot-like shape, which indicates a surface induced nucleation of well
aligned crystallites in edge-on configuration. In the succeeding drying process
it is notable that the shape remains spot-like for the 1:2 blending ratio. A
deeper analysis of the final film structure in the dry film shows an increasing
mosaicity from the ratio 1:2 over 1:0.8 to 1:0.5 [80]. The average P3HT
spacing of 16.5 A associated with the P3HT (h00) peaks does not show any
dependency on blending ratio. These images do not give insights into the
quality of P3HT (020) n-rt stacking, which will be discussed below.

A summary of the observed structural evolution is given in relation to
the position in the phase diagram in Figure 4.14a. The related drying kinetics
are depicted as evolution of film thickness and solvent mass fraction in Figure
4.14b. The drying kinetics could only be measured for 1:0.8 blending ratio
due to the low optical contrast for PEDOT:PSS/Glass substrates. A constant
mass transfer coefficient was fitted to the 1:0.8 ratio drying experiment
according to reference [56] and served for the simulation of the other blending
ratios. The crystallization kinetics are in reasonable agreement with the
simulated evolution of solvent evaporation, which is shown in reference [80].
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a) 1:.0.5 b) 1:0.8 c)1:2

Os 0s

R

q:-:.'-,'
196 s 156 ;,/ B igp.
(100)
P3HT |

(300)
(200)

(100)

196 s

<.
5
[(®]
=
3
@

2107 S 0 N -

7
PCBM
/

Figure 4.13: 2D x—ray diffraction patterns at different instants of drying
for P3HT:PCBM blend ratios (a) 1:0.5, (b) 1:0.8 and (c) 1:2. The stages
of drying are from top to bottom: initial instant of drying, first observa-
tion of the P3HT (100) peak, observation of the P3HT (200) and (300),
observation of PCBM diffraction ring. [80]

Again we observe final long term crystallization after the solvent has
largely depleted, as discussed before in Figure 4.10. The comparison of both
Figure 4.14a and b demonstrates the difference between the position in the
phase diagram and the time scale. This is due to the strong nonlinear decrease
of the mass fraction in the drying process. As it was already shown in the
preceding chapter 4.3, we observe for all blending ratios a delay of crystalli-
zation until the solubility limit of P3HT is reached (after 150-200 s drying
time). The delay of P3HT (100) Bragg peak appearance (symbols at highest
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4.4 Influence of polymer-fullerene blending ratio

solvent fraction) is stronger for the 1:2 blending ratio, which might be due to
the comparatively high amount of present PCBM. The appearance of the
higher order P3HT Bragg peaks proceeds for the ratio of 1:0.8 first, followed
by the ratio 1:0.5 and at last 1:2.
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Figure 4.14: a) Drying path through the phase diagram of different
P3HT:PCBM blending ratios at 25°C. Symbols indicate the appearance
of P3HT (100) Bragg peak, (200) and (300) and the PCBM diffraction
ring in order of appearance from top to bottom. b) Drying kinetics of the
investigated films. Each symbol represents a GIXD measurement. Filled
symbols are related to the instants of structural changes indicated in the
ternary phase diagram

PCBM aggregation takes place in the final stage of drying, which is in-
dicated by the symbols that represent the dry state at the binary P3HT-PCBM
axis (bottom axis of triangle diagram). Because of the steep drop of solvent
mass fraction in the final drying stage and the overlapping diffraction peaks
of PCBM, DCB and PEDOT:PSS, it is not possible to determine the exact
instant of PCBM aggregation for these substrates. However, for native silicon
substrates we could derive the late PCBM aggregation close to the dry state of
the film. Further point detector analysis of the dry films reveal a strong
impact of P3HT:PCBM blending ratio on the (020) packing direction as it is
shown in the in-plane intensity profiles along g., in Figure 4.15a. For pure
P3HT and the ratios 1:0.5 and 1:0.8 (data not shown) a strong P3HT (020)
Bragg peak is observed, which corresponds to the m-m-stacking of polymer
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backbones. This is an important issue, since this crystalline direction provides
a high hole mobility for charge extraction over wide distances [45].

a) o panT PCBM P3HT b)

104 105 1.2
—_ —1:2 —_
084 ---PCBM =
S
> 06 g 0.8
2 ;
8 041 gt
€ <

. 0.44

€ 0.2
—
o
[

0.0

T T T T T 0.0 T T T T T T T T
08 10 12 14 16 18 20 300 400 500 600 700
1
Oxy A7 Wavelength [nm]

Figure 4.15: a) In-plane profile plots from GIXD point detector meas-
urements and b) Absorption spectra of doctor bladed P3HT:PCBM films
of different blending ratios for as cast film (solid line) and thermally an-
nealed films for 5 min at 150°C (dashed line). [80]

For the highest amount of PCBM (1:2), the (020) peak disappears com-
pletely. This indicates that the P3HT n-n-stacking is broken by intercalating
PCBM molecules in-between the polymer backbones. This is confirmed by
the disappearance of the vibronic shoulders at 560 and 605 nm in the absorp-
tion spectra (Figure 4.15b), which are also related to P3HT n-m-stacking.
Thermal annealing promotes the diffusion of PCBM out of the n-n-stacking
area in-between the lamellae and allows for an improvement of m-m-stacking.
This is expressed by the increasing shoulders in the absorption spectra. It
should be noted that the logarithmic character of the absorbance may lead to
an over interpretation of the improved absorption due to annealing.

a) 1:0.5 & 1:0.8

|l FPEDOILPoSS... | | FPEDOIPoS. . ... |

Figure 4.16: Cartoon depicting the P3HT:PCBM blend structure in rati-
os of a) 1:0.5 and 1:0.8 and b) 1:2 for PEDOT:PSS covered substrates.
[80]
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Figure 4.16 schematically summarizes the impact of blending ratio on
film morphology: mosaicity increases with the P3HT fraction and m-m-
stacking is hampered by excessive amount of PCBM as it could be shown
here for the blending ratio 1:2.

4.5 Influence of drying temperature'

Since the optimized donor-acceptor blending ratio is mostly fixed for a
distinct material system, we focus in the following on other methods for the
manipulation of film structure. Accessible and precisely tunable parameters
for controlling the drying process are the drying temperature and the drying
gas velocity. Temperature influences several parameters like solvent vapor
pressure, solubility and the diffusion kinetics in gas and liquid phase. In
contrast to this, drying gas velocity only influences the mass transfer coeffi-
cient in the gas phase, which is proportional to the evaporation rate of solvent.
This section investigates the impact of these two parameters on structure
evolution and explores the possibilities for solar cell efficiency improvement
due to optimized drying conditions.

4.5.1 In-situ observation of molecular ordering

Experimental In order to investigate the effect of drying temperature
P3HT:PCBM films are fabricated under different drying conditions in the
range of 10°C-80°C drying temperature and 0.15 m/s and 0.5 m/s gas veloci-
ty. Drying conditions are precisely defined in the drying channel with inte-
grated doctor blade (see Figure 2.1). The solid fraction of the blend-solution
film was kept constant, in order to start the drying process at the same posi-
tion in the phase diagram. The final thicknesses were 68 nm, 95 nm, 119 nm,
191 nm for drying temperatures of 80°C, 40°C, 25°C and 10°C respectively.
The thickness decreases with increasing coating and drying temperature due
to the lower viscosity of the wet film for a constant solid fraction and similar
coating conditions (70um slit width and 5Smm/s coating speed). In order to
exclude the thickness influence on the final film morphology, equal film
thicknesses are fabricated for the ex situ morphology and solar cell character-
ization as shown in sections 4.5.2 and 4.5.3 respectively.

' Benedikt Brenneis [268] dedicated his diploma thesis the investigation of the drying temperature
influence on film structure. The essence of this chapter is published in [58, 81]
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The real-time GIXD study was done at beamline ID10B with energy
12.3 keV in the European Synchrotron Radiation Facility (ESRF), Grenoble,
France during the evaporation of the solvent in a temperature controlled
environment utilizing PEDOT:PSS (H.C. Starck, Clevios VP Al 4083) coated
glass slides or native silicon wavers as substrates. The x-ray diffraction
patterns of the drying blend film were taken with an area detector (MarCCD)
with 3 seconds of integration time in intervals of 50 seconds. The 2D MAR-
CCD images were corrected and translated into undistorted reciprocal space
maps.

Results and Discussion A first inspection of 2D GIXD diffraction
patterns obtained from P3HT:PCBM films that were dried at different tem-
peratures, allows a first structural interpretation (Figure 4.17).

b) 25°C

d) 80°C

Figure 4.17: GIXD diffraction patterns of the final P3HT:PCBM films
dried at 10°C, 25°C, 40°C and 80°C cast from DCB at
PEDOT:PSS/glass substrates. [58]

At all drying temperatures, P3HT (h00) Bragg diffraction peaks are ob-
served along ¢. in out-of-plane direction, indicating that P3HT is mainly
oriented in edge-on configuration (s. Figure 4.2). The wing-like shape of the
P3HT (100) Bragg peak decreases with increasing temperature revealing a

lower mosaicity (narrower orientation distribution). The higher order Bragg
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peaks are more pronounced at higher drying temperatures, suggesting that
P3HT ordering in (h00) direction increases for higher drying temperatures.
Furthermore, the estimated P3HT (100) crystallinity increases with drying
temperature. It is about three times higher' for films dried at 80°C than at
10°C. The evolution of these different structural properties and their optoelec-
tronic performance are investigated in the following.

As previously described, GIXD is utilized for monitoring the blend crys-
tallization during solvent evaporation by 2D detector measurements. The
integrated (100) Bragg peak area gives a measure for overall P3HT
crystallinity, regardless of the crystallites orientation. Figure 4.18a depicts the
evolution of P3HT overall crystallinity in the course of film drying at differ-
ent drying temperatures. To ensure slow drying, the drying channel was
operated without airflow. All plots are normalized to each maximum value of
intensity.

The crystallization kinetics show a faster increase of crystallinity for
higher drying temperatures as well as the drying proceeds faster at higher
temperatures. Hence, crystal growth is related to the evolution of solid
fraction in the film. According to reference [57] the Avrami equation 4.1
[194-196, 226] — which is frequently used to describe isothermal crystalliza-
tion processes — is fitted to the normalized crystallization kinetics as obtained
by in-situ GIXD. The S-shape of the Avrami fits originates from a sequence
of mechanisms of crystal growth. 1) Initially the crystal growth is low because
of the low amount of nuclei which increases with time. i1) Subsequently, the
crystallization rate increases due to a dominating growth based on the previ-
ously formed nuclei. iii) In the final phase the decrease of crystallization rate
is caused by the impingement of grains upon each other and the cessation of
growth in the overlapping regions [194]. The exponent n of the equation is
used for exploring the type of crystallization. Wang et al reported a value for
n of 1.8+0.1 for P3HT:PCBM films cast from chlorobenzene [57]. The drying
time was about 15 s at 30°C drying temperature. In our case the exponents
exhibit  values of n(10°C)=2.0+0.1, n25°C)=3.2+0.4, and
n(40°C)=3.4 £ 3.5. The strong standard deviation at 40°C drying temperature
originates from the strong mismatch of decreasing intensity after reaching the

' The measured intensity may be slightly underestimated for films with a larger amount of edge-on
orientation on the surface (e.g. 80°C) since the exact Bragg condition (scattering angle =
2 x incidence angle at (100) P3HT Bragg peak) is not met in this geometry. [58]
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maximum crystallinity. It is important to note that each curve was normalized
to its maximum value. The final crystallinity is not 100% and it differs for the
different drying temperatures. Highest P3HT (100) crystallinity is achieved at
40°C which decreases with temperature exhibiting lowest (100) crystallinity
at 10°C.
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Figure 4.18: a) Evolution of normalized P3HT (100) Bragg peak intensi-
ty at 10°C, 25°C and 40°C drying temperature. Symbols indicate in-situ
GIXD measurements and lines the Avrami fits. b) Evolution of mosaicity
obtained from the same in-situ GIXD measurements. [58]

A deeper analysis of the Avrami parameters of this fairly simple ap-
proach is not undertaken due to many experimental limitations such as [227-
2301:

e constant volume during crystallization

e constancy in shape of growing (disc, rod or sphere)
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¢ no induction time

e unique nucleation mode (thermal or athermal but not both)
e complete sample crystallinity

e constant value of radial density in growing structures

Figure 4.18b depicts the evolution of P3HT mosaicity (orientation distri-
bution), which is related to the wing-like shape of P3HT (100) Bragg peak. It
is remarkable that all curves start at a similar low mosaicity in the initial stage
of drying. The evolution of mosaicity coincides for all drying temperatures
with increasing drying time until each film has mostly dried. The highest
value is reached for the longest drying experiment at the lowest drying
temperature of 10°C. This suggests that the state of high orientation distribu-
tion is preferred and aspired if sufficient drying time is provided.

Since hole transport is only provided along the polymer backbone and in n-n-
stacking direction the orientation of P3HT crystallites should affect the
direction of hole conductivity. Therefore we assume that an increased
mosaicity provides an increased hole transport in the vertical direction. This
will be discussed based on solar cell devices below. Solar cells have been
fabricated in collaboration with Michael Klein at the Light Technology
Institute at KIT. Further dependencies of structural properties from molecular
to macroscopic scale on drying conditions are discussed in the subsequent
section.

4.5.2 Ex-situ characterization of film structure

Experimental  Films discussed in this section have all been fabricated in
the coating and drying setup used for the in situ experiments. Investigated
drying process parameters were again gas flow velocity and drying tempera-
tures. At low drying temperatures, the final films show high roughness which
can partly lead to peak-valley distances of around 200 nm. Hence, films were
prepared at comparatively high thicknesses of 350 + 28 nm in order to prevent
local shortcuts because of too low active layer thickness. In this thickness
range, the absorption and solar cell efficiency exhibit a broad plateau [231]
diminishing the influence of thickness fluctuations.

AFM measurements were done in tapping mode with a Veeco Dimen-
sion Icon. The root mean square roughness analysis was done on
10 pm x 10 pm images of the final films.
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4 Morphology formation in polymer-fullerene films

Results and Discussion A more detailed investigation of different aspects
of film morphology is discussed in conjunction with the drying history of the
samples. Such exemplary constant rate period drying kinetics of the following
discussed conditions are given in Figure 4.19a where the solvent mass frac-
tion is plotted versus drying time. Both parameters temperature and gas flow
rate affect the overall drying time for film formation. The influence of film
thickness on drying time 1s shown in Figure 4.19b. This shall point out, that
thickness variations may contribute to structural changes induced by changes
of film formation time. The drying time after crossing a solubility limit,
which is denoted as 47 changes with film thickness. We assume that this time
1s crucial for the molecular self-assembly. Hence, low fluctuations of film
thickness are crucial for reliable interpretation of the structural investigations.
Henceforth, we relate the observed structural changes to the drying time after
crossing P3HT solubility as described previously as case I in section 4.3.
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Figure 4.19: a) Exemplary drying kinetics of solution cast PSHT:PCBM
films at different drying conditions. Coating and drying temperature and
drying gas velocity are mentioned in the legend. b) Influence of film
thickness on the drying kinetics calculated at 20°C, v=0.3m/s drying
conditions. The time after crossing the P3HT solubility limit (indicated
as dashed red line) is marked as At, which increases with film thickness.

[81]

P3HT:PCBM films are fabricated by doctor-blading and subsequent dry-
ing at the mentioned drying conditions in the dedicated drying channel
(Figure 2.1). The structure of these films is investigated by AFM (surface)
and HAADF-STEM (transmission). AFM measurements give evidence of the
existence of two different structure length scales by comparing the topogra-
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phy (Figure 4.20a) with the phase image (Figure 4.20b). While the dominat-
ing lateral structures of film topography measure up to several hundred
nanometers, we observe a smaller substructure in the phase image which
resembles the fibril/whisker structure of P3HT [46, 203, 232]. Further
HAADF-STEM and AFM data is available in the appendix in Figure 10.18
and Figure 10.19. The drying condition’s impact on the fibril structure is not
as strong as on film topography, which is discussed in the following.

30nm

Onm

Figure 4.20: Different aspects of P3HT:PCBM film structure with re-
spect to a) topography and b) the fibril structure in the AFM phase im-

age for 25°C, v =0.5 m/s drying conditions. The image dimensions are
1 umx>1 um. [81]

For explaining the origin of film topography, the identification of the
driving force for structure formation in relation to the drying conditions and
phase behavior is crucial. Kim et al. proposed for the drying process of other
organic semiconductors the film structure to originate from spinodal demixing
[101]. This process was further investigated by Heriot et al. observed in
polymer-polymer blends a bilayer formation with subsequent stratification
during film drying, leading to a phase separated structure [127]. Likewise,
P3HT:PCBM blends were investigated with laser reflectometry which did not
show such interference features as expected for a bi- or multilayer formation
[56]. Hence, we assume the observed structures to form by growing polymer
aggregates, whereby the aggregate size seems to depend on drying time after
entering the unstable two-phase region of the polymer-solvent phase diagram
(Figure 3.4). Lateral and vertical dimensions of topological features increase
as it is manifested in the morphology of the films dried under different
temperature and drying rate conditions as shown in Figure 4.21. This is
quantitatively depicted by the increasing film roughness (root mean square
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4 Morphology formation in polymer-fullerene films

value) with drying time after crossing P3HT solubility. The increasing
roughness at slow drying gas velocity and decreasing temperature is induced
by lower solubility and longer aggregation time (filled symbols). In the
absence of PCBM, neat P3HT-films (open symbols) resulted in similar
roughness as blended with PCBM, demonstrating that the film topography is
mainly governed by P3HT. AFM images of these films can be found in
Figure 10.19.
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Figure 4.21: Influence of overall drying time after crossing P3HT solu-
bility on final film root mean square (rms) roughness for pure P3HT
(open symbols) and P3HT:PCBM (filled symbols) films dried at different
temperatures, gas flow velocities and measured at different substrate po-
sitions. The AFM insets are 10 um>10 um with a height scale of 150nm.
The film thicknesses are 350 nm £+ 8% on top of PEDOT:PSS and ITO.

[81]

Although Figure 4.20 already reveals two different kinds of structure
scales, these images cannot serve for the interpretation of the quality of
P3HT:PCBM phase segregation. A simple method for obtaining a rough
insight into the phase segregated substructure is the determination of blend
film structure before and after removing one component with a selective
solvent. In this case we chose octanethiol for the removal of PCBM by
washing the film three times in this solvent [99]. Figure 4.22 confirms that
PCBM has mostly been removed from the blend film, which can be seen by
the disappearance of the characteristic PCBM absorption peak at 333 nm.
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Further changes in the absorption around 705 nm could be due to interference
effects or PCBM absorption.
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Figure 4.22: Absorption spectra of P3HT:PCBM films before (solid line)
and after (dashed line) washing off PCBM with octanethiol. Arrows indi-
cate absorption feature which are altered upon the removal of PCBM.

AFM images of P3HT:PCBM films before and after this treatment are
shown in Figure 4.23. The rough film fabricated at 15°C drying temperature
(Figure 4.23a left) is compared with the smooth film from 40°C drying
temperature (Figure 4.23b left). This comparison shall elucidate the correla-
tion between surface roughness and degree of P3HT:PCBM phase segrega-
tion. After PCBM removal from the 15°C processed film, the topology in
Figure 4.23a remains mainly the same, while a smaller substructure appears.
In the case of the smooth film processed at 40°C we see comparatively large
features upon PCBM removal.

Hence, we conclude, that the size of PCBM clusters increases with dry-
ing temperature, as it is more quantitatively depicted in the AFM profile plots
of Figure 4.24. The profiles were obtained at the same area before and after
PCBM removal. Figure 4.24a shows that the large scale topography remains
mostly unaltered, while small portions of PCBM with a peak to peak distance
of 45422 nm are removed from the surface. In the case of 40°C drying
temperature PCBM removal generates surface defects with a much larger
peak to peak distance of 218+55 nm.

99



4 Morphology formation in polymer-fullerene films

100
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Figure 4.23: Atomic force microscope topography images of
P3HT:PCBM films doctor bladed at a) 15°C and b) 40°C (represented
with the same topographical scale). In both cases, the left image shows

the untreated blend film and the right image shows the film topography
after washing off PCBM with octanethiol. [58]
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Figure 4.24: (top) AFM profiles of P3HT:PCBM films dried at a) 15°C
and b) 40°C and the films after washing off PCBM (bottom) measured at
the same area. [58]
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These observations are in agreement with increasing PCBM correlation
length at higher temperatures as obtained from GIXD [58]. It seems likely that
this effect originates from the stronger increase of PCBM solubility in com-
parison to P3HT at higher temperatures. In fact PCBM solubility increases by
a factor of 2.7 from 10°C to 40°C in comparison to a factor of 2.4 for P3HT.
This reduces the polymer fullerene interaction and promotes PCBM aggrega-
tion.

The elaborated mechanisms of structure formation during film drying are
summarized in Figure 4.25. Figure 4.25a shows schematically the formation
of an even film without large scale P3HT aggregation, which can be due to
fast drying at high temperatures and/or high airflow rates. Drying at higher
temperatures leads to large scale PCBM clusters, high P3HT (100)
crystallinity and domain size, but poor (020) crystallinity and domain size.
Figure 4.25b depicts the formation of P3HT aggregates during the slow
drying process, which leads to turbidity of the solution and subsequently to a
rough surface. This is in agreement with observations of Koppe et al. [189].
Such films also exhibit high P3HT mosaicity, which forms in the course of
film shrinkage. This large scale rough topography comprises a smaller
substructure of 1) P3HT fibrils and ii) amorphous P3HT regions intermixed
with PCBM and iii)) PCBM clusters dispersed in the amorphous P3HT
regions. The lamellar (020) n-n-stacking is normal to the image plane and not
illustrated here. P3HT exhibits a higher amount of (020) n-m-stacked mole-
cules, but lower (100) crystallinity for lower temperatures [58]. Additionally,
PCBM cluster sizes decreases with lower drying temperatures resulting in
finer donor-acceptor interpenetration with increased interface area. The
increasing roughness at lower drying temperatures can be used for the en-
largement of the active layer/metal electrode contact area and for improved
light absorption [233] without any additional processing steps.

Beside the structural factors coating quality (thickness homogeneity at
cm scale in lateral direction) by doctor blading was best at 15°C. This is
probably caused by higher solution viscosity which oppresses dewetting
effects due to inertial forces. Instead of decreasing temperature, Koppola et al.
observed an improvement of film homogeneity by increasing the solid
fraction to 8-12 wt.% at room temperature [23]. This is most probably due to
the same effect of increased viscosity or even a gel formation prior to coating
by entering the two phase region for P3HT (Figure 3.4).
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Figure 4.25: a) Schematic of molecular ordering for fast drying at high
temperatures in comparison to b) slow drying at lower temperatures with
macroscopic polymer aggregation leading to high film roughness. The
P3HT-PCBM phase segregation results in a smaller substructure within
the film topography. [81]

4.5.3 Optoelectronic properties’

Experimental  For sample preparation, we used 48mm x 60mm ITO/glass
substrates (12 /o, Visiontek). The substrates were cleaned by sonication in
acetone and isopropanol, followed by a 2 min oxygen plasma treatment at
160 W and 40 kHz (Pico, Diener electronic). Subsequently the PEDOT:PSS
(VPAI4083, Clevios, H.C. Starck) dispersion was coated by doctor blading in
ambient conditions. 40 ul PEDOT:PSS dispersion (diluted 1:1 by volume
with water) were cast with a blade slit width of 70 um and a blade speed of
5 mm/s resulting in 20-40 nm dry film thickness. This layer was subsequently
heated at 120°C for 20 min in a glovebox under nitrogen atmosphere. P3HT
(Rieke Metals 4002E, M,, = 48900 g/mol, polydispersity 1.7) and PCBM
(Solenne, purity >99%) with weight ratios of 1:0.8 were dissolved in 2.7 to
5 wt.% solid fraction (depending on the coating temperature) in DCB (anhy-
drous 99%, Sigma Aldrich) and cast using the same parameters as for the
PEDOT:PSS layer in the setup shown in Figure 2a. The coating parameters

" The characterization of optoelectronic properties has been carried out in collaboration with Michael Klein,
Alexander Colsmann and Uli Lemmer of the organic photovoltaic group at the Light Technology Institute at
KIT.
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and setup were the same for in-situ GIXD measurements and solar cell
preparation. After cutting the substrates into 16 mmx16 mm pieces, a calcium
(50 nm) / aluminum (200 nm) cathode was deposited. The current density-
voltage characteristics were measured under a spectrally monitored ORIEL
solar simulator (1 sun according to ASTM-G173-03el) under nitrogen atmos-
phere. The active area was 0.24 cm?. After the characterization of the as cast
devices the substrates were thermally annealed at a 150°C hot plate for 5 min
in a nitrogen glovebox and subsequently put at an aluminum plate which had
room temperature.

The absorption was measured in transmission with a spectrophotometer
(Perkin Elmer, Lambda 1050) using a blank PEDOT:PSS/ITO/glass substrate
as reference. The absorption spectra were normalized to the PCBM absorption
peak at 333 nm.

Results and Discussion  To correlate the discussed structural observations
with optoelectronic properties, solar cell devices were built under same
coating and drying conditions and thicknesses as the above investigated films.
Decreasing drying temperature and increasing drying time shifts the P3HT
main absorption peak to longer wavelength and enhances the vibronic shoul-
ders in the absorption spectra (Figure 4.26a).
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Figure 4.26: Absorption spectra of a) as cast and b) annealed (150°C, 5
min) P3HT:PCBM films dried at 15°C (blue), 25°C (black), 40°C (red)
drying temperature at a nitrogen flow of 0.15m/s (solid lines) and
0.5 m/s (dashed lines). The spectra are normalized to the PCBM peak at
333 nm. [81]
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Thermal annealing at 150°C for 5 min promotes the formation of vibron-
ic shoulders, but does not equalize the absorption characteristic generated by
different drying conditions (Figure 4.26b).

For a deeper analysis the position of the P3HT main absorption peak and
the degree of m-m-stacking is discussed in the following. The position of the
P3HT main absorption peak is plotted against the drying time after crossing
P3HT solubility in Figure 4.27a. Two drying rates were realized for each
temperature by two different nitrogen flow rates. A shift to longer wavelength
originates from a higher correlation length of the polymer backbone; hence
more stretched polymers, which is stronger for slowly dried films. Additional
thermal annealing reduces the temperature influence but does not compensate
it. After annealing, the position of the P3HT main absorption peak is inde-
pendent from the drying gas velocity at each temperature leading to the
assumption that the correlation length is merely related to drying temperature.
As a measure of the vibronic shoulders, which correlate with the amount of nt-
n-stacked P3HT molecules [58, 234], we chose the ratio of the n-mt absorption
at 605 nm and the PCBM absorption 333 nm. The amount of m-m order
increases with overall drying time after crossing P3HT solubility (Figure
4.27b), but approaches a saturation for 15°C drying temperature. This implies
that -t ordering is one parameter that increases with crystallization time that
reaches saturation after a certain time. Additional thermal annealing enhances
the shoulder for fast dried films, but this effect gets negligible for longer
drying times.

Corresponding current density-voltage characteristics of equally fabri-
cated solar cells are shown in Figure 4.28a for the “as cast” devices. The
results after additional annealing for 5 min at 150°C are given in Figure
4.28b. The substrate size was 28.8 cm?, which was cut into smaller substrates
with a solar cell size of 0.24 cm?. All layers except the cathode were prepared
in ambient conditions which causes drawbacks in open-circuit voltage and
power conversion efficiency (PCE).

The highest PCE of 2.1% for the untreated, doctor bladed solar cells was
achieved at 15°C and 0.15m/s drying gas velocity. The efficiency of solar
cells increases with lower drying temperature and slower drying according to
longer crystallization time after crossing P3HT solubility (Table 4.1).
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Figure 4.27: a) Position of the P3HT main absorption peak and b) ab-
sorption ratio of the vibronic shoulder at 605nm related to the constant
PCBM absorption at 333nm for the as cast (filled symbols) and annealed
(150°C, 5 min, open symbols) films plotted against the drying time after
crossing P3HT solubility. [81]
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Figure 4.28: Current density-voltage characteristics of (a) the best un-
treated and (b) annealed P3HT:PCBM devices dried at 15°C (blue),
25°C (black), 40°C (red) drying temperature at a nitrogen flow of
0.15m/s (solid lines) and 0.5m/s (dashed lines). [81]
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4 Morphology formation in polymer-fullerene films

Table 4.1: Device performance of the untreated, P3HT:PCBM films fab-
ricated by doctor blading in ambient conditions at different drying sce-
narios. The average film thickness was 310 + 90 nm. Device characteri-
zation was performed in an N, atmosphere at room temperature. [81]

As cast d Joc Voe FF n Nrmax
Drying Conditions [nm] [mA/cm?] [V] [%] [%] [9%]
15°C, v=0.15m/s 308 -7.6£0.3 0.52+0.02 44.2+2.3 1.8+0.2 2.1
15°C, v=0.5m/s 262 -7.2+0.5 0.52+0.02  45.2+4.1 1.7+£0.2 2.0
25°C, v=0.15m/s 362 -7.5+0.3 0.55£0.04  41.3£1.9 1.7+0.2 2.0
25°C, v=0.5m/s 346  -4.6£0.5 0.44+0.07 34.8£3.8  0.7£0.1 0.9
40°C, v=0.15m/s 439  -3.6+0.1 0.53+0.12 37.1£7.0  0.7+0.3 1.0
40°C, v=0.5m/s 151 -3.2+0.1 0.35+0.14 30.1£3.7  0.4+0.2 0.6

The gain in efficiency is mainly due to an increased short-circuit current
(Figure 4.29a). It is remarkable that this trend is still existent after annealing
for 5 minutes at 150°C (see attachment Table 10.1). As depicted in Figure
4.29a and b, the short-circuit current and PCE of both 15°C and the slowly
dried 25°C solar cells are very similar. This depicts the same trend of reach-
ing a saturation state as discussed before for the optical properties. It could be
associated with an equilibrium state of morphology, which is reached after a
distinct period of crystallization and assembly time. The crystallization time
after crossing the solubility limit for reaching this equilibrium is in this case
about 300s.

Additionally, the high surface roughness promotes the PCE with in-
creased light trapping and contact area to the cathode layer. As shown before,
lower drying temperature also causes a finer P3HT-PCBM phase separation
and a higher orientation distribution with increased vertical crystalline
orientation [58]. In contrast to this, at fast drying conditions, the higher
evaporation rate reduces the time for structure formation, leading to the
lowest degree of n-m ordering, the lowest surface roughness and according to
this the lowest PCE. The higher degree of P3HT (100) crystallinity achieved
at 40°C drying temperatures does not seem to be beneficial for the device
performance. For these drying conditions, the worst PCE was observed. This
also effects an increasing series resistance for fast dried P3HT:PCBM layers
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4.5 Influence of drying temperature

as it can be seen by an decreasing slope of the current density-voltage curve in
the forward operation regime in Figure 4.28a.
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Figure 4.29: a) Short-circuit current density and b) power conversion ef-
ficiency of the untreated (filled symbols) and for 5 min at 150°C an-
nealed (open symbols) solar cells plotted against the drying time after
crossing P3HT solubility. [81]

Annealing reduces the series resistance for 25°C drying temperature pro-
cessed devices, but causes for 40°C a strong S-shape (Figure 4.28b). The
background of the S-shape is often related to unbalanced charge carrier
mobility [235, 236]. As shown before, PCBM clusters increase with tempera-
ture and P3HT crystallites loose m-m conjugation. This could cause increased
electron mobility in the PCBM, but decreased hole mobility in the polymer
phase leading to an unbalanced charge carrier mobility. Recently, it was
shown that annealing affects the vertical distribution of P3HT and PCBM [92]
which could furthermore be associated with this effect. The improved power
conversion efficiency (Figure 4.29) due to thermal annealing comprises an
almost constant increase of short-circuit current at all drying conditions. For
the 15°C processed devices this is not due to changes in the optical properties,
as they remain constant. A possible explanation could be an improved active
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4 Morphology formation in polymer-fullerene films

layer-cathode contact after the thermal treatment and the removal of residual
solvent or humidity [237].

After thermal annealing, the trend of higher PCE at lower temperatures and
drying rates remains, proofing the drying process as an additional key for the
manipulation of film morphology and hence solar cell properties. The low
sensitivity of PCE on the drying gas flow at 15°C is attractive for application
in large area roll-to-roll (R2R) fabrication, where an inhomogeneous airflow
in the drying unit could affect lateral film inhomogeneity.
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5 Influence of solvent mixtures on film properties

In the preceding chapter it could be shown that high device performance of
solar cells requires a minimum drying time which was for the chosen material
system and fabrication conditions in the order of 300s. In terms of high
throughput fabrication of large area OPV it is desirable to reduce this time in
order to generate higher productivity and lowering the manufacturing costs.
The difficulty is to accelerate the fabrication speed by remaining solar cell
efficiency high. In the following, two solvent strategies are discussed.

First, small amounts of low volatile and selectively PCBM solving additive
are added to the polymer-fullerene solution. We assume that the additive
facilitates structure formation even at reduced drying time.

Second, we mix the low volatile host solvent (commonly DCB) with a distinct
amount of higher volatile solvent in order to accelerate drying at the begin-
ning until we reach the first solubility limit, since we assume that this initial
period is not relevant for structure formation.

5.1 Low volatile and selectively solving additives'

During this thesis alkanethiols have been identified as selective solvents for
PCBM by not solving P3HT [55, 87, 100, 207, 208]. 1,8-octandithiol (ODT,
bp=270°C) exhibits a lower vapor pressure as for example DCB and remains
therefore in the film until DCB has largely evaporated. Hence, ODT evapora-
tion determines the final drying period. Yao et al. determined PCBM solubili-
ty in ODT to 19 mg/ml (x; = 2wt.%) at room temperature [100]. In section 4.3
we have shown that PCBM molecules are not completely dissolved in a
molecular disperse solution if blended with P3HT in DCB. PCBM merely
strongly interacts with P3HT chains. ODT on the other hand selectively
interacts with PCBM which weakens the interaction between PCBM and
P3HT. This effect keeps PCBM partially in molecular disperse solution and
forces P3HT in an aggregated state, since it is insoluble in ODT. This has

! Mareike Kowalski dedicated her student research project to selectively solving additives [238].

109



5 Influence of solvent mixtures on film properties

been shown to be beneficial for structure formation in P3HT:PCBM solar
cells.

Experimental In this section PEDOT:PSS/ITO/glass substrates have been
prepared as described previously. P3HT:PCBM (1:0.8) films were cast from
2 wt.%, 3 wt.% and 4.5 wt.% solid fractions for 15°C, 25°C and 40°C coating
and drying temperature respectively. The ODT to solid ratio was 1:4 by
weight as used by Yao et al. [100]. Films were fabricated at coating and
drying conditions as described in the previous chapters. The average film
thickness of the investigated solar cells was 220 nm + 46nm. For the analysis
of the reflectometry measurements the influence of ODT refractive index on
the solution was neglected.

Results and Discussion In this section it is investigated whether the
beneficial effect of ODT incorporated into P3HT:PCBM solution in DCB
compensates the structural drawbacks of faster drying at higher temperatures.
Fast drying at elevated temperatures has been demonstrated in section 4.5 to
result in less efficient solar cells.

First of all, the impact of low amounts of ODT on thin film drying kinetics
was investigated. The evaporation kinetics 1s exemplarily shown in Figure 5.1
for a drying P3HT:PCBM film cast from DCB solution at 3 wt.% solid and
ODT fraction. After the constant rate period of DCB evaporation the drying
temperature was slowly increased from 20°C to 60°C in order to accelerate
ODT evaporation. After ODT has largely been removed we still see a slight
decrease in reflectometer photovoltage indicating changes in the optic film
properties. It is likely that this is due to the evaporation of residual solvent in
the film although this state would be indicated as “dry” by the naked eye. It
was also recognized that films in this state are very sensitive to mechanic
influences such as scratching. Finally all films exhibit a similar roughness in
contrast to pure DCB processed films where the roughness was a function of
drying time (see appendix Figure 10.22)
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Figure 5.1: Exemplary drying kinetics of a drying P3HT:PCBM film cast
from DCB and ODT at 20°C. After the constant rate period the drying
temperature was slowly increased to 60°C for enhanced ODT evapora-
tion. a) Reflectometer signal which was transferred to b) the evolution of
solvent mass fraction xpcp.

Hence, the incorporation of even very low amounts of additive increases
the overall drying time enormously. In the following it is discussed if the
structural and solar cell performance benefits justify the usage of ODT in
comparison to low temperature drying with pure DCB which gave the best
solar cell performance (see section 4.5.3).

The absorption characteristics of the ODT processed P3HT:PCBM films
are summarized in Figure 5.2. In comparison to films processed without
additives Figure 5.2a shows stronger pronounced vibronic shoulders even for

higher drying temperatures. The shoulder height correlates with the amount of
n-ni-stacked P3HT chains.

The position of the P3HT main absorption peak is shown in Figure 5.2b
for the as cast and annealed devices. For comparison the same scale is used as
in Figure 4.27 of films fabricated without ODT. Additive processing causes a
comparatively constant peak position which indicates a similar conjugation
length of P3HT chains for all drying temperatures. In terms of morphology
this shows that P3HT are stretched in a similar degree such that the range of
n-electron delocalization is extended over the same length. Annealing only
slightly reduces the conjugation length indicated by a slight blueshift of the
peak.
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5 Influence of solvent mixtures on film properties

As already seen in the absorption spectra Figure 5.2c shows the relative
height of the vibronic shoulders in relation to the constant PCBM absorption.
As we could evidence before, the shoulder height is associated with the
amount of m-m-stacked P3HT chains which is also comparatively constant
over all drying conditions. Annealing has a marginal effect. Hence, the usage
of small amounts of ODT causes that the peak position and shoulder height
are almost independent from drying conditions and additional thermal treat-
ment. This depicts a strong improvement in comparison to film processing
without additive.
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Figure 5.2: a) Normalized absorption spectra of P3HT:PCBM films cast
under different drying temperatures and gas flow velocities from DCB
and ODT. Films have been thermally treated at 150°C for 5min. b) Posi-
tion of the P3HT main absorption peak and c) ratio of vibronic side band
absorption at 605nm and PCBM absorption at 333nm for as cast and
thermally annealed films. [238]

Regarding the optical properties we expect high power conversion effi-
ciencies for the associated devices cast with ODT independent from the
drying conditions. Figure 5.3a depicts the current density-voltage characteris-
tics of the ODT processed solar cells after an additional thermal annealing.
Before thermal annealing no reasonable power conversion efficiency could be
measured which we assign to residual ODT and humidity. As cathode we
used in this case pure aluminum which shows less damage caused by the
evaporation of residual solvent during thermal annealing. After thermal

annealing it turns out that drying conditions clearly have an impact on device
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5.1 Low volatile and selectively solving additives

performance. This is surprising since all films exhibit a similar light absorp-
tion behavior and exhibit similar structures as investigated by AFM (see
appendix Figure 10.20 and Figure 10.21) due to the usage of ODT.

Figure 5.3b shows the systematic increase of short-circuit current with
decreasing drying temperature. The PCE follows this trend (Figure 5.3¢). The
previously observed S-shape at 40°C drying temperature also appears after
annealing for the ODT processed solar cells. This effect is usually related to
unbalanced charge carrier mobility.
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Figure 5.3: a) Current density-voltage characteristics of P3HT:PCBM
solar cells cast under different drying temperatures and gas flow veloci-
ties from DCB and ODT added in 1:1 weight ratio. b) Short-circuit cur-
rent density and c) averaged power conversion efficiency (PCE) for as
cast and thermally annealed solar cells. [238]

Absolute device efficiencies do not show an improvement for ODT pro-
cessing in comparison to low temperature drying without additive. The same
can be found in literature where no superior efficiencies could be reached for
P3HT:PCBM and ODT in comparison to an optimized processing without
additive. One might argue if further optimization of the
P3HT:PCBM:ODT:DCB blending ratio would improve the PCE, but so far
this has not been reported. One beneficial factor of ODT i1s the reduced
standard deviation in PCE. This implies that the film structure is much more
reproducible.
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5 Influence of solvent mixtures on film properties

However, the usage of an additional volatile component signifies for the
fabrication process that this substance has to be removed out of the drying air
and must be separated from the host solvent subsequently. For P3HT:PCBM
this does not seem reasonable although we earn reproducibility in device
performance.

5.2 Mixture of solvents with different volatility'

Another strategy for the acceleration of the drying process without drawbacks
in device performance is the incorporation of a high volatile solvent. In the
scope of high throughput and environmentally friendlier manufacturing it is
further desirable to use non-halogenated solvents. Therefore, in this section
we replaced the established solvent 1,2-dichlorobenzene with the environ-
mentally friendlier indane. In the following the importance of the ratio
between high and low volatile solvent will be discussed.

5.2.1 Solvent mixture drying Kinetics

Numerical approach  Calculations are done for horizontal plate geometry
in forced convection by a two dimensional mass transfer model including a
moving drying front as described in section 2.4.2 and published in [56, 135].
The calculations are carried out with an initial uncoated offset of x,=10 mm
which are followed by 60 mm wet film of x,,;;=2 wt.% solid fraction of
P3HT:PCBM  (Xonent = 98 Wt.%) and 200 nm dry film thickness. Drying
kinetics are shown for the centered position of the wet film, i.e. at x = 30 mm.
Drying conditions are 20°C and v = 0.3 m/s drying gas velocity. P3HT and
PCBM solubility have been determined as describe in section 3.3 and pub-
lished in [81].

Results and Discussion In section 4.3 it could be shown for DCB solution
that the P3HT:PCBM blend crystallization proceeds with foremost P3HT
crystallization at solvent fractions of Xoen=85-95wt.% followed by PCBM
clustering in the final drying period at low solvent fractions Xgopen < 55 wt.%
[81]. The observation of the delay in crystallization leads to the assumption
that this period before crossing solubility limits possibly does not contribute

" The essence of this section was published in [239].
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5.2 Mixture of solvents with different volatility

to structure formation. In the case of DCB the solubility of P3HT and PCBM
at 20°C is 3.8 wt.% and 2.6 wt.% respectively. For indane P3HT and PCBM
solubility at 20°C was determined to 2.9 wt.% and 5.5 wt.% respectively.

Hence, it seems likely that the dry film structure after skipping this initial
phase by faster drying before crossing solubility - followed by a final slow
drying step - will be equal in comparison to an overall slow drying process.
This consideration was undertaken more quantitatively for the combination of
higher volatile solvents chloroform (bp = 61°C), toluene (bp = 111°C) and o-
xylene (bp = 144°C) with the less volatile host solvent indane (bp = 178°C).
Vapor pressure of indane and its solubility of P3HT and PCBM is comparable
to the well known ideal solvent DCB (bp = 179°C). As structure formation is
not only governed by drying kinetics but also strongly depends on the solid-
solvent interactions, we will discuss the dry film structures of the used solvent
combinations later. Figure 5.4 depicts the drying kinetics of different solvent
mixtures and solvent blending ratios. For easier readability, the mass fractions
of the solvent mixtures are mentioned as a single solvent.

Figure 5.4a-c depict the evolution of solvent mass fraction
Xsotv. = (Msot.1 + Moy 2)/( Mgopy.1 + Mgop2 T Myoiig) Of drying PSHT:PCBM films.
From Figure 5.4a-c the difference in vapor pressure in-between both mixed
solvents decreases. In the top row it gets quantitatively clear, how the drying
time can be influenced by the type of solvent combination and the solvent
blending ratio. The transition from the more or less fast initial drying period
to the finally slower drying period governed by the host solvent is depicted in
the bottom row of Figure 5.4a-c. Note that the less volatile solvent indane also
evaporates at the beginning with an evaporation rate proportional to the
partial pressure which depends on the pure component vapor pressure and the
molar solvent fraction. In other words, the evaporation rate increases with
both, the vapor pressure and the molar fraction of a component in a mixture.
Due to lower differences in the vapor pressure of the mixture o-xylene-indane
here no abrupt change in the evaporation kinetics can be detected.

The idea behind using solvent mixtures in this work was the reduction of
retention time in that area of the phase diagram, where no crystallization
processes are proceeding. In Figure 5.4a-c (bottom) it can be seen that for the
1:1 solvent blending ratio the transition from fast to slower indane dominated
drying kinetics has largely completed at 95-96 wt.% overall solvent fraction.
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Figure 5.4 Calculated drying kinetics (constant rate period) of the sol-
vent mixtures a) chloroform-indane, b) toluene-indane and c) o-xylene-
indane for different solvent blending ratios which are indicated in c).
The top row shows the entire evolution while the bottom row depicts a
zoomed view of the composition evolution. [239]

This secures that the indane dominated slow drying period is roughly
reached at the P3BHT:PCBM solubility limit. From chloroform to toluene and
o-xylene one can see the strong difference in the “sharpness” of the transition
from initially fast to slower final drying period due to the decreasing vapor
pressure. In terms of fabrication speed, the lowest drying time of the combi-
nation chloroform-indane would be the best. In the following we will discuss
how far the choice of solvent mixtures for the 1:1 ratio in combination with
their evaporation kinetics influences the film structure and the corresponding
optoelectronic properties of solar cells.
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5.2 Mixture of solvents with different volatility

5.2.2 Impact of solvent mixtures on film structure

Experimental In order to investigate the influence of the different drying
kinetics of the 1:1 blended solvents on film structure, we conducted GIXD
and AFM measurements of the final films. These measurements were done at
P3HT:PCBM solar cells whose optoelectronic properties will be discussed
below. X-ray reflectivity and GIXD measurements were done on the
P3HT:PCBM solar cell devices in the synchrotron facility ANKA (Karlsruhe,
Germany), using a point detector with 8 keV photon energy. AFM measure-
ments were done in tapping mode with a Veeco Dimension Icon.

Results and Discussion The 2D GIXD diffraction pattern of all
P3HT:PCBM films cast from the mentioned solvent mixtures on a
glass/ITO/PEDOT:PSS substrate look similar on first sight (see appendix
Figure 10.23). The equal P3HT (100) Bragg peak shape in Figure 10.23
indicates a similar angular orientation distribution of P3HT crystallites,
known as mosaicity, for all solvent combinations. The crystallites orientation
can therefore not account for differences in device performance.
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Figure 5.5: a) Out-of-plane and b) in-plane X-ray diffraction profiles of
P3HT:PCBM films cast from different solvent mixtures obtained by point
detector measurements. Symbols represent experimental data and lines
the appropriate fits. The solvent blending ratios were for all combina-
tions 1:1 by volume. [239]

The P3HT structure is well oriented in (h00) direction perpendicular to
the substrate as well as in (020) direction along the substrate (see inset of
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5 Influence of solvent mixtures on film properties

Figure 5.5a for explanation). In order to determine the associated spacing and
coherence length (measure of the domain size) of PCBM aggregates and
P3HT structure, point detector measurements were obtained. The diffraction
profiles in out-of-plane direction along q, and in-plane profiles along gy, are
depicted in Figure 5.5a and Figure 5.5b respectively. Figure 5.5a comprises
the P3HT (100) Bragg peak which reveals similar d;, spacing for all solvent
mixtures as well as a similar correlation length L;) which is slightly higher
for the o-xylene-indane case (see appendix Table 10.2).

Figure 5.6: AFM phase images of P3HT:PCBM films cast by doctor
blade from different solvents such as a) o-dichlorobenzene, b) indane, c)

chloroform-indane, d) toluene-indane and e) o-xylene-indane at room
temperature. The solvent blending ratio was for all cases 1:1 by volume.
For clarification the image scale was adapted for each image differently
as indicated in each image. [239]

This similarity of well pronounced crystallinity can also be found in the
in-plane data of Figure 5.5b, which reveals the same dyyy spacing and the
same correlation length L,y in n-n-stacking direction except for the o-xylene-
indane case where it is slightly lower. The difference in the intensity of the
specular Bragg peaks is due to the difference in thickness of the films. Hence,
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5.2 Mixture of solvents with different volatility

GIXD measurements show very similar crystallinity for all solvent mixtures
regardless of the differences in initial evaporation kinetics.

In order to cover a larger scale of film morphology we investigated the
P3HT:PCBM blend surface by AFM. Figure 5.6 shows 1x1 pm? phase
images of the reference solvent DCB, pure indane and the solvent mixtures of
chloroform, toluene and o-xylene with indane. The structures resemble those
of P3HT lamellar fibrils [46, 203, 232]. While Figure 5.6a shows the finest
structure of all films for DCB, the structure gets coarser for indane processed
films (Figure 5.6b). For all solvent mixtures, which initially dry faster than
pure indane or DCB, the structure exhibits even bigger structural features as
for pure indane and DCB (Figure 5.6c-¢).

Since the larger structure scale cannot be caused by longer assembly and
crystallization times, they must originate from solvent specific properties that
cause differences in the initial molecular conformation due to specific solid-
liquid interaction forces.

5.2.3 Impact of solvent mixtures on optoelectronic properties

Experimental P3HT:PCBM solar cells were fabricated at Holst Centre
(Eindhoven, Netherlands) and after their characterization investigated for
their structural properties at Karlsruhe Institute of Technology. Solar cells
were obtained by dissolving 1.5 wt.% of P3HT and 1.2 wt.% of PCBM at
70°C for 14 hours in several solvent systems, namely orthodichlorobenzene
(DCB), indane, as well as 1:1 (by wt.) mixtures of indane/toluene, indane/ o-
xylene and indane/chloroform. Chloroform and toluene were purchased from
Merck, whereas o-xylene (98%), DCB (99%), and indane (95%) were provid-
ed by Sigma-Aldrich. P3HT (the same batch as investigated in this thesis) was
purchased from Rieke Metals and PCBM by Solenne.

After cleaning of the pre-patterned-ITO glass substrates (Philips polyLED),
PEDOT:PSS (Clevios P VP AI 4083, H.C. Starck) was spin-coated, and
annealed at 130 °C for 5 minutes. The thickness of the resulting PEDOT:PSS
layer was 50 nm. The photoactive layer was subsequently deposited by doctor
blading (Coatmaster 509 MC-1). Solvent evaporation was allowed to proceed
slowly by covering the just deposited wet film with a petri dish. Finally, the
top electrode, made of 1 nm LiF and 100 nm Al, was thermally evaporated in
a vacuum chamber (Rittal control unit) through a shadow mask.
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5 Influence of solvent mixtures on film properties

Results and Discussion  The structural investigation above revealed strong
P3HT crystallinity in (100) direction perpendicular and in (020) n-n-stacking
direction along the substrate. Thus we expect strong vibronic shoulders in the
absorption spectra due to the high amount of P3HT =n-m interaction. This
expectation is confirmed by Figure 5.7 where the normalized absorption is
plotted for pure DCB and indane as well as for all solvent mixtures. All
absorption spectra feature strong vibronic shoulders and a similar position of
the main absorption peak that indicates a similar conjugation length of the
P3HT chains.
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Figure 5.7: Normalized absorption spectra of PSHT:PCBM (1:0.8) films
cast from o-dichlorobenzene (DCB), indane (In), o-xylene-indane (0-Xy!-
In), toluene-indane (Tol-In) and chloroform-indane (Cf-In). The solvent

blending ratios were for all combinations 1:1 by volume. Spectra are
normalized to the PCBM absorption peak at 333 nm. [239]

To what extend the above discussed structural and optic properties influ-
ence the solar cell device properties can be seen in Figure 5.8. Here current
density-voltage characteristics of P3HT:PCBM solar cells are depicted for the
fabrication from different solvent mixtures. The combination toluene-indane
led to the highest power conversion efficiency (Figure 5.8a). Reasons for the
dramatic difference in short-circuit current density between chloroform,
toluene and o-xylene as higher volatile solvent component, cannot be found in
GIXD and AFM results. We do not expect strong differences in the vertical
gradients of P3BHT:PCBM composition for the solvent mixtures driven by
differences in the solvents surface tensions. The higher volatile solvents
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5.2 Mixture of solvents with different volatility

exhibit similar surface tensions of 27.5mN/m, 28-28.5mN/m and 29.5mN/m
for chloroform, toluene and o-xylene respectively. The initial solvent specific
molecular conformation in the solution state is unlikely to account for these
differences since the molecular structure as investigated by GIXD is similar
for all solvent mixtures.

A possible reason for the very low short-circuit current and S-shape of
the chloroform-indane processed device could be caused by an enrichment of
hole conducting polymer at the cathode interface. This would act as a barrier
for electron extraction and would result in such a performance characteristic.
Ruderer et al. observed an enrichment of P3HT at the film/cathode interface
by using pure chloroform as solvent [240], which might explain this effect.
Furthermore, we can only speculate that the three dimensional multiple scales
ordering of polymer fibers and fullerene clusters could also be responsible for
the observed differences in electronic properties.
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Figure 5.8: a) Representative JV-characteristics of P3SHT:PCBM (1:0.8)
solar cells fabricated by doctor blading and slow drying conditions from
the solvent mixtures chloroform-indane (Cf-In), toluene-indane (Tol-In)
and o-xylene-indane (0-Xyl-In) in 1:1 ratio for all solvents. b) Best JV-
characteristics of equally fabricated solar cells from pure indane (In), o-
dichlorobenzene (0-DCB) and toluene-indane (Tol-In). The solar cells
were treated for 5 min at 130°C. Solid lines represent conditions under
illumination while dashed lines are measured at dark conditions. [239]

Another set of solar cells was fabricated for the comparison of the most
promising solvent mixture toluene-indane, the pure host solvent indane and
the ideal reference solvent DCB (Figure 5.8b). Although DCB still provides
the highest power conversion efficiency after annealing (Table 5.1) indane
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5 Influence of solvent mixtures on film properties

leads to comparable results. The practical disadvantage of pure indane is the
poor wetting behavior, which can be improved by mixing with the discussed
solvents.

Table 5.1: Current density-voltage characteristics of P3HT:PCBM solar
cells fabricated by doctor blading under ambient conditions from differ-

ent solvents. TA denotes the performance after additional thermal an-
nealing of the same cells for 5 min at 130°C. [239]

Solvent d Jec Voe FF PCE PCE nax
[nm] [mA/cm?] [V] [-] [%0] [%0]
Tol-In 225460 5.5+£3.0 0.41+0.03 0.324+0.25 1.0+£0.6 2.0

Tol-In+ TA  225+60 7.4£1.0 0.53+0.06 0.41+0.05 1.5+0.4 2.1

DCB 265+150 3.8+1.8 0.48+0.03 0.53+0.03  1.0+0.55 1.9
DCB + TA 265+150 7.9+1.1 0.57+0.02 0.41+0.08 1.9+£0.6 2.7

In combination with toluene the drying time can be reduced about 40%
by generating a similar P3BHT:PCBM crystallinity, absorption behavior and
solar cell performance in comparison to DCB. A slight drawback is the
increased series resistance which can be derived from the decreasing slope of
the current density-voltage curve in the forward operation regime in Figure
5.8b. Overall this indicates the solvent mixture toluene-indane as a suitable
replacement of DCB for high throughput and large area fabrication of organic
solar cells.
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6 Structure formation of low band gap polymers

After the fundamental and extensive investigation of the well known material
system P3HT:PCBM it is at the end of thesis of interest to examine the
transferability of the obtained knowledge to other material systems. For this
purpose we replaced P3HT by the low band gap polymers PSBTBT and
PCPDTBT (Figure 1.5). The C¢-PCBM was additionally replaced by C;;-
PCBM (Figure 1.6). The asymmetric C;; fullerene was chosen because of its
increased absorption in the visible region, which leads to better overlap with
the solar spectrum relative to that obtained with the C4; analogue [207, 241,
242].

For these material systems power conversion efficiencies of about 5.5%
have been reached [87, 207, 242-246]. One interesting advantage is the broad
absorption of these polymer-fullerene systems which allows for the fabrica-
tion of color neutral, semi-transparent solar cells [247, 248]. This has already
been realized in large area building integrated photovoltaics [249].

6.1 In-situ observation of molecular ordering

Experimental Both polymers were provided by Konarka Technologies and
used as received. PC7;1BM (>99%) was purchased from Solenne. The solu-
tions have been prepared in a 1:2 and 1:3.4 ratio by weight for
PSBTBT:PC;;BM and PCPDTBT:PC;,BM respectively at 1wt.% polymer in
DCB and have been stirred at 80°C for at least 48h after preparation under
nitrogen atmosphere in a glovebox. In the case of PCPDTBT 3wt.% of ODT
were added for additive processing. Knife coating parameters were 400 um
slit width at 10 mm/s coating speed with 60 ul solution.

Laser reflectometry (A = 650nm) drying process measurements were ac-
complished at low laser intensities since these material systems strongly
absorb light at this wavelength. The experiments were carried out at 40°C and
0.15 m/s drying gas velocity. The analysis of the reflectometry measurement
was conducted with the refractive index of P3HT and PC4;BM because of the
limited material availability. This slightly affects the obtained thickness
values of the last interference peaks where the solid fraction and its refractive
index is significant (see section A 1.2). In situ GIXD images were taken at
intervals of 18 s at beamline ID10B at ESRF as described before.
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6 Structure formation of low band gap polymers

Results and Discussion for PSBTBT:PC,,BM In this section the previ-
ously discussed crystallization behavior of P3BHT:PCBM blends is compared

with the assembly process as observed in situ by GIXD at solution cast
PSBTBT:PC;;BM films.

For the comparison with device performance in solar cells, it would be
the best to apply the films at commonly used PEDOT:PSS coated substrates.
On the other hand, the diffraction patterns are more pronounced if native
silicon is used as a more ideal substrate which is beneficial for accurate X-ray
analysis. Figure 6.1a and b show that silicon substrates are a reasonable
compromise between well-defined GIXD pattern and reasonable comparabil-
ity of the diffraction features for PEDOT:PSS covered substrates as used for
the fabrication of solar cells.

Intensity [arb. u.]

SiO,/Si

Figure 6.1:GIXD diffraction patterns of PSBTBT:PC;;BM (1:2) films
cast from DCB by doctor blade at a) PEDOT:PSS/ITO/glass and b) na-
tive silicon substrates. Drying was accomplished at 40°C. ¢) Scheme of
the face-on configuration related to the out-of-plane (010) Bragg reflec-
tion and d) edge-on configuration related to the out-of-plane (h00)
Bragg reflection with high hole mobility along the polymer backbones
and along the n-m-stacking direction.
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6.1 In-situ observation of molecular ordering

The main diffraction features of PSBTBT:PC;,BM films are mentioned
in Figure 6.1a and with a stronger diffraction signal on silicon substrates in
Figure 6.1b assuming a similar polymer unit cell as for P3HT (see Figure 4.2)
[243]. The diffraction peak associated with the PSBTBT (010) n-n-stacking is
more intense in out-of-plane direction. For PEDOT:PSS substrates it is
therefore only visible in out-of-plane direction due to the lower signal intensi-
ty and the chosen color scale. According to Sirringhaus et al. this indicates a
n-n-stacking direction oriented normal to the substrates with the polymer
lamellae in face-on configuration to the substrate [75] as depicted in Figure
6.1c. The angular intensity distribution of the (010) Bragg reflection is
associated with the orientation distribution as indicated in Figure 6.1c. For
this orientation we expect high hole mobility in the in-plane along the poly-
mer backbones and perpendicular to the substrate along the direction of m-nt-
stacking.

Chen et al. on the other hand suggest for a similar diffraction pattern
edge-on orientation of PSBTBT due to the observation of the (h00) out-of-
plane Bragg peaks [243]. The higher signal to noise ratio in Figure 6.1b also
shows the (200) Bragg peak as a powder like ring, which indicated a broad
orientation distribution of the edge-on orientation as illustrated in Figure 6.1d.
For edge-on orientation we expect high hole mobility along the polymer
backbones and along the direction of n-n-stacking both in the in-plane direc-
tion. However, the high mosaic spread of both, the (h00) and (010) Bragg
reflection indicates a broad orientation distribution in all orientations. This is
beneficial for the required vertical hole transport along the polymer back-
bones and along the overlapping p. orbitals in m-m-stacking direction [45].
This very broad orientation distribution which is beneficial for solar cell
performance is in contrast to previous observations for P3HT:PCBM films
investigated in this work which were mainly oriented in edge on orientation.

For an investigation of the mentioned structural properties during film
drying we accomplished real time GIXD measurements at PSBTBT:PCBM
blends cast from DCB solution by knife coating (doctor blade). Simultaneous-
ly the film thickness was measured by reflectometry in the previously shown
setup (Figure 2.1). The reflectometry measurement provides indirectly the
film composition at the instant of each GIXD measurement. Figure 6.2a
depicts the reflectometer raw signal. Based on the interference fringes we can
calculate the evolution of solvent mass fraction xpcp (see section 2.2).
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6 Structure formation of low band gap polymers
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Figure 6.2: a) Reflectometer raw data of the PSBTBT:PC;;BM in situ
GIXD drying experiment indicating the constant and falling rate period.
Solvent was pure DCB. b) Calculated evolution of solvent mass fraction
based on the reflectometer measurement.

Up to about 10wt.% DCB the film thickness decreases with a constant
evaporation rate. Subsequently the drying rate drops strongly which is com-
monly attributed to a diffusional mass transfer limitation of the residual
solvent in the film. These low amounts of solvent provide molecular mobility
which can lead to slight ordering processes in this stage. Chang et al. have
shown that residual solvent is even by thermal annealing hard to remove
entirely [237].

The simultaneously obtained GIXD measurements are shown in Figure
6.3. The first image depicts the freshly cast PSBTBT:PC;;BM film from DCB
solution. The sharp ring at lower ¢ than DCB can be treated as background
signal, since it is also observed for the bare substrate. Within the first meas-
urements we do not observe any changes in diffraction features. At 90 s
drying time and 95 wt.% solvent, GIXD reveals the first indication of
PSBTBT (h00) crystallinity. The (h00) Bragg reflection is partly of a spot like
shape indicating well-oriented nucleation at the interface. But we also observe
another portion of randomly oriented polymer (h00) crystallinity at this early
stage of nucleation. This indicated that PSBTBT not only partly crystallizes at
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6.1 In-situ observation of molecular ordering

an interface as P3HT, but also crystallizes with random orientation. The
PSBTBT (100) Bragg Peak and randomly orientated powder like diffraction
ring do not change their shape in the course of drying as it was observed for
P3HT:PCBM. The broad orientation distribution is also featured by the (010)
n-m-stacking peak.

t=08, X,z =97 W% t=908, X,.,=95Wt% t=108s, X,e;=94Wt%

t=126s, X,x=93wWt% t=144s, X,:=91Wt% t=162s, xDCB=88wt°/o

t=180, Xpca=79Wt% t=198s, Xp:<13Wt% t=216s, ,dry“

Figure 6.3: Evolution of GIXD diffraction patterns during the drying of a
PSBTBT:PC7;BM (1:2) film cast from DCB solution by doctor blade at
40°C on native silicon substrate. While the first image is of the freshly
coated film, the second image shows the first indication of crystallinity.
Following images show the evolution of film drying and crystallization.
Below each image, the drying time and actual solvent fraction is men-
tioned.

At a later stage PCBM aggregation sets in. The exact determination of
PCBM aggregation needs further analysis of the profile plots. The important
fact is that strong PCBM diffraction signals appear at the very end of the
drying process which is similar in comparison to the behavior of
P3HT:PCBM. For P3HT:PCBM, fullerene aggregation was observed at the
transition from constant rate to falling rate period although the solubility limit
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6 Structure formation of low band gap polymers

of PCBM was reached much earlier. It is likely that PC;;BM strongly inter-
acts with PSBTBT which also leads to oppressed fullerene aggregation for
this material combination. In the falling rate period the 2D diffraction pattern
remains qualitatively uniform. Slight reorganization of the blend structure due
to residual solvent probably leads to changes in peak intensities, but the main
structure is settled after 216 s.

The diffraction feature associated with the PSBTBT (010) n-n-stacking
overlaps with those of DCB. This also requires a deeper analysis of the profile
plots which is beyond the scope of this work. The existence of well pro-
nounced m-m-stacking should be visible in the absorption spectra and pro-
motes hole mobility.

Results and Discussion for PCPDTBT:PC,;BM  As demonstrated in the
preceding section, PSBTBT behaves in its crystallization behavior in several
aspects similar to P3HT. If the silicon bridging atom is exchanged with a
carbon atom, the m-m-stacking is sterically hindered and reduces the crystalli-
zation ability of the carbon bridged polymer PCPDTBT (see Figure 1.5) [87,
243, 244, 250]. For particular this polymer the processing additive ODT
shows a strong impact on the crystallization behavior. The mechanisms
during the drying process have not yet been investigated in detail which is
presented in this section.

Drying experiments with simultaneous in situ GIXD and laser
reflectometry provide structural information and the associated film composi-
tion for processing without additive and with 3 wt.% ODT in the host solvent
DCB. Figure 6.4 depicts the reflectometry measurement of the
PCPDTBT:PC7BM drying experiment in pure DCB. The dry film thickness
is in the order as for the previously investigated PSBTBT experiment. The
overall drying time for the PCPDTBT:PC;BM films is shorter due to the
higher solid fraction of 4.4wt.% in comparison to 3 wt.% for
PSBTBT:PC;;BM. However, the drying curve also features a constant rate
period (= 110 s) followed by a long falling rate period extended over several
hundred seconds. This second period is much stronger pronounced as in the
case of PSBTBT.
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6.1 In-situ observation of molecular ordering
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Figure 6.4: a) Reflectometer raw data of the PCPDTBT:PC7;BM in situ
GIXD drying experiment indicating the constant and falling rate period.
Solvent was pure DCB. b) Calculated evolution of solvent mass fraction
based on the reflectometer measurement.

In the drying process of PCPDTBT:PC;;BM films processed without
ODT diffraction patterns show the disappearance of DCB diffraction and the
evolution of the powder like diffraction ring of PC; BM (Figure 6.5). The
polymer does not give a single indication of crystallinity. We only observe a
very intense and broad background at low g which probably corresponds to
randomly oriented PCPDTBT lamellae. Hence, on the one hand PC;BM is
allowed for aggregation. On the other hand PC;;BM hinders polymer crystal-
lization. In the absence of fullerene Rogers et al. observed partial crystallinity
for this polymer [250].

129



6 Structure formation of low band gap polymers

SiO,/Si substrate t=0s, X,cs=95Wt% t=36s, Xycs=94Wt%

t=54s, X, =92Wt% t=725, X, =90Wt% t=908, X,o,=82Wt%

t=1 088: XDCB<1 Owt% t=2348, XDCB<1 Iwt% t=324s, XDGB<1 9wt%

Figure 6.5: Evolution of GIXD diffraction patterns during the drying of a
PCPDTBT:PC7;BM (1:3.4) film cast from DCB solution by doctor blade
at 40°C on native silicon substrate. While the first image is of the bare
substrate, the second image shows the freshly coated film. Following im-
ages show the evolution of film drying and PCBM aggregation. Below
each image, the drying time and actual solvent fraction is mentioned.

Consequently, the crystallization ability should improve if selectively
PCBM solving additive is incorporated into the solution. We assume that
ODT weakens the polymer-fullerene interactions by dissolving PCBM and
providing more freedom for polymer assembly. Therefore the
PCPDTBT:PC7BM films have been investigated for DCB solutions with
3 wt.% ODT. Figure 6.6 depicts the drying behavior of such films. As already
shown several times, we observe a DCB controlled constant rate period
initially. Thereafter ODT evaporation controls the drying rate until the
amount of ODT gets as low such that the film enters the falling rate period of
diffusional limited ODT and DCB evaporation. Due to the extremely low
vapor pressure of ODT we still observe a small change in reflectometry signal
due to changes in the optical thickness after several thousand seconds which
is likely to originate from residual solvent.

130



6.1 In-situ observation of molecular ordering
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Figure 6.6: a) Reflectometer raw data of the PCPDTBT:PC;;BM in situ
GIXD drying experiment indicating i) the DCB constant rate period fol-
lowed by ii) ODT determined drying and finally iii) the falling rate peri-
od. Solvent was DCB with 3wt.% ODT. b) Calculated evolution of sol-
vent mass fraction (DCB and ODT) based on the reflectometer meas-
urement.

In order to obtain insights into the working principles of ODT in real
time during drying, we investigated the structural evolution of
PCPDTBT:PC;;BM dissolved in DCB and ODT. The drying film was moni-
tored by in situ GIXD simultaneously to the above mentioned reflectometry
measurement as depicted in Figure 6.7. The first image was obtained directly
after film coating by doctor blade. In the first drying period no changes in the
diffraction patterns can be observed. After 90 s the inner DCB ring at lower ¢
gets more intense which is probably the first indication of PC;BM aggrega-
tion. The powder like diffraction ring associated to PC;BM clusters gets
clearly visible in the subsequent image at 108 s. It is important to note that at
this instant no PCPDTBT crystallization is observed. Since the solution
contains selectively PC;BM solving ODT which should facilitate polymer
crystallization and keep the fullerene in solution the opposite effect of fore-
most polymer crystallization was proposed. However, PC7;BM solubility is
limited to about 19 mg/ml (x, =2 wt.%) in ODT at room temperature [100]
which might have been crossed already at this stage of drying at 23 wt.%
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6 Structure formation of low band gap polymers

overall solid fraction. A possible explanation could be the reduction of
PC7BM interactions with PCPDTBT due to ODT, which allows PC,;;BM to
get partly dissolved. This amount of PC; BM molecules is not anymore
hindered by interactions with the polymer and undergoes aggregation after the
film has crossed fullerene solubility. The much higher diffraction intensity of
PC;BM in the ODT processed film also indicates an overall increased
amount of fullerene clusters due to the effect of ODT.
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Figure 6.7: Evolution of GIXD diffraction patterns during the drying of a
PCPDTBT:PC7;BM (1:3.4) film cast from DCB and 3wt.% ODT solution
by doctor blade at 40°C on native silicon substrate. While the first image
is of the freshly coated film, the second image shows the first indication
of PCBM aggregation. Following images show the evolution of film dry-
ing and crystallization. Below each image, the drying time and actual

solvent fraction is mentioned.

The polymer on the other hand crystallizes with nucleation at the inter-
face (spot like (100) Bragg peak shape) at about 48 wt.% overall solid fraction
which corresponds to the transition period from DCB controlled drying to
ODT determined drying. In the following the PCPDTBT (100) Bragg reflec-
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6.2 Film structure and optoelectronic properties

tion intensity and hence the amount of polymer crystallites grows. During the
process of crystal growth many in-plane peaks (indicated by arrows) appear
which indicates a much more complex structure for the carbon bridged
PCPDTBT as for the silicon bridged PSBTBT. Rogers et al. attributed the
different peaks to two polymorphs of this polymer [250]. The exact crystal-
line structure of this molecule is not exhaustively understood and requires a
deeper analysis of this data. It is notable that PCPDTBT crystallinity still
increases strongly in the mainly ODT determined drying process starting at
about 120 s and 52 wt.% solvent, although the polymer is insoluble in the
additive. At the transition from ODT determined drying to the falling rate
period a strong increase in background intensity close to the direct beam can
be observed. This probably corresponds to randomly oriented PCPDTBT
lamellae. The Bragg reflections exhibit much lower mosaicity in comparison
to PSBTBT.

In conclusion, it could be shown that the usage of ODT allows for a well
pronounced PCPDTBT crystallization and also promotes PC;;BM aggrega-
tion. In contrast to PSBTBT the nucleation is predominantly induced at the air
or substrate interface as observed for P3HT and leads to a low mosaicity of
the dry film polymer structure. It is important to mention that PC; BM
undergoes clustering before PCPDTBT crystallizes. This is probably due to
the ODT promoted undisturbed fullerene aggregation in solution after cross-

ing fullerene solubility which is not hampered anymore by the interaction
with PCPDTBT.

6.2 Film structure and optoelectronic properties’

Experimental AFM and absorption measurements as well as the solar cell
fabrication are accomplished as described above. The average film thickness
for the investigated solar cells was 86 + 11 nm. Owing to the low solubility
PSBTBT:PC;BM solutions were prepared at 90°C. From literature it is
known that 2 wt.% PSBTBT solutions in chlorobenzene already show solid
state light absorption features [208]. This also demands processing tempera-
tures above room temperature in order to prevent large scale crystallization
and gelation. Therefore PSBTBT:PC;BM solar cells were fabricated at 40-

" The work of this section was accompanied by the student research project of Timo Basile [252].
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6 Structure formation of low band gap polymers

85°C coating and drying temperature and 0.15 m/s gas flow velocity in the
previously introduced experimental setup (Figure 2.1).

Results and Discussion The in situ investigation of PSBTBT:PC;BM
blends revealed comparable crystallization mechanisms as previously ob-
served for P3HT. Consequently one might expect the same process-structure
dependencies as previously studied for P3HT. Hence, it is of interest to
investigate the process-structure-property relationship of this material system
for different drying conditions.

First, the active layer of solar cell devices was investigated by AFM.
Figure 6.8a exemplarily shows the film topography for 60°C drying condi-
tions. More AFM and STEM images can be found in the appendix in Figure
10.24. As for P3BHT:PCBM we observe a large scale topography which
comprises a finer substructure in the phase image (Figure 6.8b). The shape of
the phase image features resembles those of polymer fibrils due to m-7m-
stacked polymer chains [46, 203, 232] as also observed for P3HT:PCBM (see
Figure 4.20 and Figure 5.6). In contrast to P3HT the roughness of
PSBTBT:PC;BM films does not change with drying temperature. This
indicates that the dynamics of PSBTBT assembly proceed faster than the
drying process which is not capable of limiting the structural ordering of the
PSBTBT:PC;;BM blend.

20nm

Onm x1m?

Figure 6.8: Representative AFM a) topography and b) phase images of a

PSBTBT: PC7;;BM (1:2) film cast from DCB at PEDOT:PSS/ITO/glass
and dried at 60°C, v = 0.15 m/s gas flow. The film thickness was 90 nm.
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6.2 Film structure and optoelectronic properties

Deeper insights into the degree of phase separation by the selective re-
moval of PC;;BM could not be obtained since the PSBTBT:PC;BM is
mechanically unstable after washing off PC;;BM and collapses during sample
preparation. The reduced mechanical stability of the remaining polymer
network suggests that a finer interpenetrating polymer-fullerene network is
present in this case. The scheme in Figure 6.10 might indicate a possible
explanation for the reduced mechanical stability. In P3HT, the hexyl side
chains are placed in a spacing minor to the Cqy diameter at the polymer
backbone [225]. This prevents fullerene intercalation into P3HT crystallites
[44] and gives best device performance for roughly 1:1 polymer-fullerene
ratios. Cates et al. investigated intercalated poly(2,5-bis(3-hexadecylthiophen-
2-yl)thieno[3,2-b]thiophene (pBTTT):fullerene blends [251]. In their case the
device performance was very low at a 1:1 blending ratio due to the incorpora-
tion of fullerene into the polymer structure, but could considerably be in-
creased by increasing the PC7BM ratio to 1:4 due to the formation of contin-
uous PC7BM electron pathways.

25.5A

Figure 6.9: This scheme illustrates the side chain spacing of PCPDTBT
in comparison to the size of a non functionalized C60 fullerene.’

" This image was provided by Robert Maul of the Institute of Nanotechnology (INT) at KIT.
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6 Structure formation of low band gap polymers

In the case of PSBTBT and PCPDTBT the optimum blending ratios for
efficient solar cells are 1:2 and 1:3.4 respectively. This is also superior to 1:1
which might also be an indication for fullerene intercalation that requires
superior amounts of PCBM for the formation of continuous electron pathways
through the bulk heterojunction layer. Such high blending ratios result in
largely hindered m-m-stacking in P3HT:PCBM blends as mentioned above in
section 4.4 if no fullerene intercalation takes place.
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Figure 6.10: Current density — voltage (JV) characteristics of (1:2)
PSBTBT:PC;BM solar cells cast by doctor blade from DCB at 40°C
drying temperatures under ambient conditions. a) JV-curves of three so-
lar cells after the first and second characterization run for a) an as cast
device and b) the same but subsequently thermally treated device (5min

at 150°C). Maximum and average efficiencies are mentioned in each
graph. [252]

Prior to a thermal treatment of as cast PSBTBT:PC,;;BM solar cells the
devices show on the one hand a strong performance deviation and on the
other hand a strong instability of the JV-characteristics. Figure 6.10a depicts
exemplary JV-curves for a 40°C processed sample. In comparison to the first
characterization run the PCE increases with device characterization time. In
the second characterization run one solar cell of the 40°C processed substrate
exhibited 5% power conversion efficiency while other solar cells at the same
substrate showed quite poor performance. It is important to note that the JV-
curves are pinned at a constant Jy. during these changes. This implies that the
morphology is in a sufficiently efficient state, such that charge carriers can be
transported to the interface. The strong increase in V,. on the other hand
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6.2 Film structure and optoelectronic properties

suggests that interface effects are responsible for initially reduced solar cell
efficiency. These suggestions are in agreement with Lu et al. who showed
recently the increase of PCBM concentration at the BHJ film-cathode inter-
face due to thermal annealing after cathode deposition [253].

Figure 6.10b shows the same sample after thermal treatment at 150°C for
5 min. After the annealing step no difference in-between both characterization
runs exists anymore and all JV-curves coincide precisely. Hence, the thermal
treatment led to a sort of equilibration of the film-cathode interface which
results in a very homogeneous device performance. The average PCE strongly
increased while the maximum value decreased. This could originate from an
improved state at the interface but slightly worsened bulk morphology due to
increased PC;,BM cluster size upon annealing [83].
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Figure 6.11: a) Average power conversion efficiencies for the as cast so-
lar cells (filled symbols) and after subsequent thermally treatment (open
symbols) of solar cells dried at different temperatures. b) Normalized ab-
sorption spectra of PSBTBT:PC;,BM films taken from the same sub-
strates as the solar cells and were measured as cast. [252]

The comparison of as cast and annealed solar cells is shown for all inves-
tigated drying conditions in Figure 6.11a. A summary of device performance
can be found in the appendix (Table 10.3 and Table 10.4).The strong decrease
of performance deviation after annealing occurs for all drying temperatures.
Additionally, the annealing step results in an increased but still roughly
constant average PCE for all temperatures. Within the deviation of device
performance no correlation between PCE and drying temperature can be
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6 Structure formation of low band gap polymers

observed. This is in further agreement with the light absorption behavior of
the presented solar cells as shown in Figure 6.11b. The spectra are normalized
to the absorption peak at 375 nm. While the absorption peak at 700 nm 1is
already present in neat PSBTBT solutions the peak at 760 nm is attributed to
polymer chain -7 interaction [243]. All spectra are similar regardless of the
film processing temperature from 25°C to 85°C indicating a similar conjuga-
tion length and similar amount of n-n packed polymer chains.

In conclusion, we identified PSBTBT as an efficient polymer with fast
crystallization kinetics which could not be altered by means of different
drying temperatures in the range of 25°C-85°C. This is beneficial for large
area OPV fabrication where inhomogeneous drying rates and a broad temper-
ature distribution can occur. P3BHT:PCBM is very sensitive to processing
conditions which could lead to laterally inhomogeneous device performance
in large area devices. The discovery of the independence of
PSBTBT:PC;;BM film morphology and optoelectronic properties from
coating and drying process parameters allows for an independent process
optimization in terms of coating quality and fabrication throughput without
drawbacks in solar cell performance. Reduced fullerene concentration at the
BHJ layer-cathode interface is possibly one reason for the requirement of
thermal annealing that provides an enrichment of fullerene at the cathode.
Prior to this step strong performance deviations and poor performance stabil-
ity was observed.
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7 Conclusion

7.1 Summary of the obtained results

Starting point of this work was the hypothesis that drying process parameters
are suitable for systematically tuning the structure formation during drying of
solution cast polymer-fullerene films in order to generate optimized structures
with improved photovoltaic performance. For the evaluation of this hypothe-
sis the structure formation of the polymer-fullerene material system
P3HT:PCBM was investigated incorporating 1) thin film drying kinetics, 11)
phase behavior of polymer-fullerene solutions, ii1) structure formation and iv)
the drying process-structure-property relationship of P3BHT:PCBM solar cells.
The generality of the obtained results has been studied in comparison with the
behavior of low band gap polymers namely PSBTBT and PCPDTBT.

Drying Kinetics Within this thesis a dedicated coating and drying setup
was developed which afforded precisely defined coating and drying process
conditions as prerequisite for all obtained results. For the first time, the drying
behavior of finally a few hundred nanometer thin films could be investigated
at five measurement positions with laser reflectometry simultaneously. This
allowed the elaboration of a spatially resolved numerical thin film drying
model. The model includes a gas phase mass transfer as a function of time
and space, ideal solution behavior with respect to solid-liquid and liquid-
liquid interaction of the multiple components and neglects diffusional re-
sistance within the film. In conjunction with drying experiments this model
showed to be capable of describing the effect of a moving drying front in
drying gas flow direction if the mass transfer resistance is governed by the gas
phase. The drying front causes a local acceleration of the drying rate as the
drying front approaches.

The drying behavior of solvent mixtures as measured spatially resolved
could also be described reasonably with the elaborated model under the
mentioned simplifications. In the course of these investigations it could be
demonstrated that for such thin films in the sub micrometer range the drying
process also comprises a constant rate period (constant evaporation rate) and a
falling rate period (decreasing evaporation rate). The latter was observed even
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at film thicknesses below 100 nm where solvent diffusion distances to the
film surface are very short.

Thermodynamics of polymer-fullerene solutions In conjunction with the
measurement and simulation of the evolution of film composition it was of
interest to determine important instants of phase transitions during the film
formation such as solubility limits. Therefore a method for the determination
of the binary solutions phase diagrams was elaborated. Oversaturated solu-
tions of pure P3HT and PCBM solutions were prepared and agitated at a
constant temperature. In a temperature controlled centrifugation step and
further resting in order to diminish the shearing forces from centrifugation, a
sufficiently clear phase separated state was achieved. In a subsequent step the
composition of each phase was determined via refractive index measure-
ments. With this method the binodal region of P3HT solutions could be
determined in the temperature range of 0°C-60°C. Within the unstable region
P3HT solutions phase separate into a sol and a gel phase. We suggest that the
onset of gel formation, which represents the formation of a physically cross-
linked network over macroscopic dimensions within the solution phase,
governs the formation of the semi crystalline BHJ morphology. The fullerene
PCBM exhibits only a simple solubility limit. If PCBM solubility is crossed,
solid aggregates precipitate. Furthermore the temperature related increase of
solubility is stronger for PCBM as for P3HT in the investigated range from 0-
60°C.

Structure formation After being able to control and describe thin film
drying kinetics and to know the solubility limits of donor and acceptor
molecules it was possible to draw the drying path through the phase diagram.
According to the superposition of the binary phase diagrams PCBM is
expected to form clusters before P3HT undergoes partial gelation because of
the higher solubility of P3HT.

However, we were only able to determine the binary phase diagrams and
had to develop another technique for the investigation of the ternary system as
applied for solar cell fabrication. Therefore the above mentioned coating and
drying setup with spatially resolved thickness measurement was combined
with synchrotron based grazing incidence X-ray diffraction (GIXD) meas-
urements. This novel method allowed the in situ observation of the ternary
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7.1 Summary of the obtained results

polymer-fullerene-solvent crystallization process during solvent evaporation
in real time. This gave us unique insights into the mechanisms and dynamics
of polymer-fullerene blend crystallization. Each GIXD measurement could be
related to the current film thickness and composition due to the simultaneous-
ly accomplished reflectometry measurement. With this experimental approach
the structural evolution in the ternary blend could be associated with the
position in the ternary phase diagram. After reaching P3HT solubility the
crystallization proceeded with 1) well oriented P3HT nucleation at the air or
substrate interface followed by i1) P3HT crystal growth with increasing
orientation distribution of the crystallites and finally 1i1) PCBM aggregation in
the final drying period. The strongest structural changes proceed in the final
part of the constant rate drying period, where the solid fraction undergoes the
strongest increase and crosses a wide range in the phase diagram. The onset of
P3HT crystallization coincided with the instant of crossed P3HT solubility
which is equivalent to the onset of gelation. The comparison with the binary
phase diagrams furthermore suggested the fullerene to crystallize before the
polymer. The contradictory experimental results deliver the information of
strong polymer-fullerene interaction forces. These strong interactions sup-
press PCBM aggregation because PCBM interacts stronger with P3HT as
with molecules of its own kind. If P3HT is absent, PCBM forms micrometer
to millimeter large crystals which supports this hypothesis.

By increasing the PCBM fraction it could be shown for the 1:2
P3HT:PCBM ratio that PCBM molecules brake the (020) m-m-stacking of
P3HT lamellae which signifies a dramatic loss of hole mobility and conse-
quently reduced device performance. Thermal annealing promotes PCBM
diffusion and the thermodynamically preferred n-n-stacking squeezes PCBM
out of the subsequently formed P3HT crystallites.

It is further notable that increasing drying temperature reduces the
amount of (020) n-m-stacked P3HT molecules but leads to an increased
amount of P3HT (100) crystallinity. Hence, drying temperature determines
the preferred direction of crystal growth.

Drying process-structure-property relationship As mentioned before,
PCBM solubility increases stronger with temperature than P3HT solubility in
DCB. This signifies reduced polymer-fullerene interactions in solutions at
higher temperatures. Consequently higher temperatures promote PCBM
clustering resulting in a coarser P3HT:PCBM phase segregation. This was
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confirmed independently by GIXD with a higher crystal correlation length of
PCBM and AFM measurements after selective PCBM removal which re-
vealed larger PCBM domains. Besides a finer degree of phase separation,
reduced drying temperatures also causes a higher amount of m-m-stacked
polymers, longer polymer conjugation length, increased amount of vertical
charge transport pathways and an increasingly rough topography due to larger
polymer aggregates. These aggregates are on a superior scale to that of
polymer-fullerene phase separation. Jointly this leads to improved power
conversion efficiency at lower drying temperatures.

The beneficial effect of long drying times suggested that the strong pol-
ymer-fullerene interaction hinders P3HT crystallization. Therefore 3 wt.% of
the selectively PCBM solving and low volatile additive ODT was incorpo-
rated into the solution. This enhanced in particular the n-n-stacking capability
of P3HT. Beside this, no further effect attributed to ODT could be observed.
The solar cell efficiency of ODT processed devices also showed best perfor-
mance for low temperature drying, but maximum efficiencies did not exceed
those of ODT free processed solar cells fabricated at low temperatures.
Hence, the incorporation of ODT did not compensate the deteriorating effect
of higher drying temperatures. Thus, drying time could not be decreased by
means of increased temperatures upon the usage of ODT. Moreover, the
falling rate drying period increases strongly due to the low vapor pressure of

ODT.

Another strategy for accelerating drying time with only small drawbacks
in solar cell performance resulted upon the observation of the onset of crystal-
lization at the solubity limit of P3HT. Depending on the formulation of the
initial solution it can take about 50% of the constant rate period drying time
until P3HT solubility is crossed. The incorporation of different “friendly” low
volatile co-solvents provided a 40% reduction of drying time at similar solar
cell performance as for the pure host solvent. The focus of reduced drying
time was combined with the replacement of the halogenated solvent DCB.
With slight drawbacks in device performance DCB could be replaced by the
solvent mixture toluene-indane with 40% increased throughput at same drying
conditions.

Transferability to other material systems Finally it was of interest to
investigate the transferability of the obtained knowledge on molecular assem-
bly in P3HT:PCBM films to other material systems. Attractive electron donor
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molecules are for instance low band gap polymers such as PSBTBT and
PCPDTBT because of their absorption in the low photon energy regions up to
800 nm. Both polymers are alternating donor-acceptor copolymers. Due to
their large side chain spacing fullerene intercalation seems to be possible.
This is in strong contrast to P3HT. The consequences for structure formation
were investigated within this thesis. Furthermore, asymmetric PC; BM
fullerenes are interesting due to their stronger light absorption in comparison
to their Cgq derivative PCs;BM as mainly investigated in this thesis.

On the one hand, the crystallization mechanism of PSBTBT:PC;,BM
(1:2) blends show similarities to that of P3HT:PCBM with partly interface
induced polymer nucleation and subsequent fullerene aggregation in the final
drying stage. Non-orientated bulk crystallization was observed in parallel. On
the other hand, we observed no correlation between drying conditions and
film structure and consequently no impact on solar cell performance for this
material system. This suggests that PSBTBT crystallization kinetics proceed
fast enough such that the drying process cannot limit the structure formation.

PCPDTBT:PC;BM (1:3.4) films show very poor crystallinity after regu-
lar processing due to the strong interaction between polymer and fullerene
and further steric hindrance. If this blend is processed with selectively PCBM
solving additive ODT it undergoes crystallization. In this case PC;BM
crystallizes before the onset of polymer crystallization which is due to re-
duced polymer-fullerene interaction forces at a comparatively high amount of
fullerene in solution. This allows for fullerene clustering because fullerene-
fullerene interactions are not anymore that strong weakened by the presence
of the polymer. As shown in literature this increase in crystallinity leads to a
strong increase in device performance. This effect was also visible for
P3HT:PCBM where the ODT effect was less, but revealed the same effect of
promoted polymer crystallinity.

Summary In conclusion P3HT:PCBM is a very suitable polymer-fullerene
model system for the investigation of the process-structure-property relation-
ship due to its sensitivity to many process parameters. The real time investiga-
tions of the structure formation during film drying could be conducted with
novel experimental methods developed within this thesis for the first time.
This gave unique insights into molecular assembly mechanisms and their
dynamics. The obtained results provide a fundamental understanding of
molecular ordering during drying of solution cast films. In relation to the
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obtained structural study different parameters such as the drying temperature,
drying gas velocity and the choice of solvent could successfully been exploit-
ed for the manipulation of structure formation resulting in improved device
performance. The elaborated film drying simulation could be exploited for the
design of an initially accelerated drying process of halogen free solvent
mixtures with only small drawbacks in device performance. The mechanisms
of structure formation of chemically more complex systems showed similari-
ties to those of P3HT:PCBM, although the dependency on the drying process
was not observed. However, the developed powerful in situ techniques will
provide access to a profound investigation of novel materials and other
applications where film structure is of importance which facilitates the
process optimization in future research.

7.2 Outlook

The strong impact of process conditions on the structure formation with
implications on device performance, as investigated in this thesis, has already
been expanded to other topics within our research group. It can be of im-
portance for other materials which undergo structure formation during the
fabrication process such as organic light emitting diodes (OLED), lithium ion
battery materials, transparent conductive materials or membranes. A deeper
investigation of the process-structure-property relationship for such applica-
tions could reveal new processing approaches towards increased material
performance.

From the morphological point of view it will be important to investigate
the impact of fabrication conditions, solvents and their mixtures on the
vertical profile in polymer-fullerene composition. These might cause low
device performance although an integral measurement of film morphology
suggests the film structure to provide an efficient bulk heterojunction. For
instance enrichment of the hole conducting polymer at the cathode or of
electron conducting fullerene at the anode interface would act as barrier for
charge carrier extraction. Up to now many suggestions for the driving force
for such vertical gradients are reported, but the understanding remains incom-
plete. Understanding the governing mechanisms will provide novel approach-
es for the prevention or exploitation of vertical gradients in the desired spatial
orientation.
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7.2 Outlook

A consequent step towards morphology control results from the observa-
tion of interface induced polymer nucleation and crystal growth (see section
4.3). If nuclei form at the substrate interface one can influence the nucleation
and subsequent crystal growth by modifications of the interface. In situ GIXD
1s an appropriate technique for the investigation of the effectiveness of the
chosen interface engineering approaches.

Beside the investigation of novel donor acceptor materials it would be
important to investigate the transferability of structural investigations ob-
tained for batch fabrication to large area fabrication processes. For this
purpose a roll-to-roll plant is available in the Thin Film Technology research
laboratory.
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10 Appendix

A1 Drying Kinetics
A 1.1 Estimation of gas phase limitation of film drying

For the estimation of the degree of gas phase mass transfer domination the
Biot number is used in analogy to heat transfer as a measure of the ratio
between gas phase mass transfer and mass transfer within the film in the form

. By

Bi Dy, /d 10.1

with B, 4 as the gas phase mass transfer coefficient of the solvent, D; ; as
the solvent diffusion coefficient in the wet film and d as the film thickness.
For comparatively low Biot numbers we would expect analog to heat transfer
that the gas phase mass transfer is the dominating mechanisms for the drying
process. As reference for diffusional limitation, values for Bi were taken from
film drying data for the system toluene-polyvinyl acetate from reference
[111]. At 40°C drying temperature and f; ;, = 0.002 m/s measurements and
simulations show only weakly pronounced concentration profiles and mainly
gas phase determined mass transfer of solvent up to solvent contents of 0.5
with D;; = 3-107'' m?/s at d = 35um. This results in Bi = 2520. As
drying proceeds Schabel obtained D;; = 4 - 10713 m?/s for solvent contents
of 0.1 which results at d = 25um in increased values of Bi = 135000.

Integral drying curves also express the additional mass transfer resistance in
the film.

In this thesis we receive for exemplary values of B; ;, = 0.003 m/s (see
Figure 2.12), D;; = 1-107° m?/s (according to Wilke and Chang [254] at
room temperature for DCB) and an initial film thickness of d = 4 um a Biot
number of 12. This is considerably less than for the cases of diffusional
limitation as mentioned above. It is notable that the solvent content of the
photoactive layer is larger than 30 initially. However, the drying of the final
few weight percent of solvent at thicknesses around 200 nm most likely will
be determined by diffusional limitation in the film. Assuming a comparable
diffusion coefficient for residual DCB in the photoactive layer as for toluene
in polyvinyl acetate at room temperature and a solvent content of 0.1 (Dy; =
5-1071 m?2/s), we receive a Bi = 12000. This is in the range of Biot where
Schabel observed diffusional limitation in the film.
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A 1 Drying kinetics

A 1.2 Error discussion of laser reflectometry

In the following the influence of small uncertainties in refractive index, dry
film thickness and angle of incidence a on the interference analysis is under-
taken. The crucial parameter in the analysis of the interference fringes ob-
tained by reflectometry during film drying is the slope of the decrease in film
thickness Ad/At = (di-d.;)/At where k = [1,2,...] is the number of interference
condition. Since Ad/At is directly proportional to the gas phase mass transfer
coefficient the below discussed impact on Ad/k directly influences the ob-
tained values of the mass transfer coefficient.

In Figure 10.1a the thickness difference between two interference condi-
tions Ad is plotted against the number of interference conditions. Film thick-
ness is increasing with &. Hence, the influence of uncertainties in dry film
thickness only has an impact on Ad in the final drying phase. At the beginning
of film drying (high values of k) where the mass transfer coefficient was
determined, the influence gets negligible. For uncertainties in the angle of
incidence of & 2° leads to a constant deviation of Ad below 0.75%.
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Figure 10.1: Influence of a) dry film thickness and b) angle of incidence
on Ad per interference condition k. [139]

The influence of the refractive index of dissolved solid constituents is
even with deviations of 10% negligible from the beginning of drying (high
number of k = high film thickness) over a broad range of drying. Uncertain-
ties in the solvents refractive index are more effective and cause with a
deviation of 1% a change of 1.1% in Ad. This is due to the low mass fraction
from 0.02 to 0.05 of dissolved solid components. At the beginning of drying
one can therefore assume 7; = ng., - In conclusion, the angle of incidence
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and the solvent refractive index are the critical parameters that can strongly
alter the measurement accuracy.
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Figure 10.2: Influence of the refractive index of a) the dissolved solid
and b) the liquid constituents (solvents or their mixtures) on Ad per inter-

ference condition k. [139]

A 1.3 Experimental setup

The coating and drying setup for real time GIXD was the same as for the
fabrication of all other samples and solar cells. It is shown in more detail in
Figure 4.7. Figure 10.3 depicts a technical drawing of the liquid temperature

controlled substrate carrier.

Figure 10.3: Liquid temperature controlled substrate carrier of the dry-
ing channel. [139]
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A 1.4 Real Time Spectroscopic Ellipsometry (RTSE)

Spectroscopic ellipsometry (SE) measures the change in light polarization that
a reflected light beam undergoes during interaction with a thin film. The
elliptic state of polarization is described with the two parameters ¥ and 4 (see
[122] for more details). The drying process of P3HT:PCBM films cast from
DCB at room temperature was monitored with a rotating polarizer
ellipsometer (GESSE, SOPRALAB) in situ under an incident angle of 65°.
During drying 4 spectra per second were obtained from 200-1000 nm (6.5-
1.2 eV).

Figure 10.4a depicts some exemplary spectra of cos(4) during the drying
process of P3HT:PCBM (1:0.8) films. At 0 s high film thickness causes many
interference fringes that reduce in the course of drying. Spectra undergo the
strongest change from about 200 s to 355 s. Figure 10.4b shows the evolution
of cos(4) during drying in a higher time resolution for two exemplary wave-
length. The numbered positions are associated to the spectra in Figure 10.4a.
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Figure 10.4: a) Real time spectroscopic ellipsometry cos(4) spectra of
some snapshots during film drying after doctor blading a P3HT:PCBM
(1:0.8) film from DCB. b) Evolution of cos(4) for two light wavelengths.
The spectra of the numbered instants during the evolution of cos(A) are
plotted in a).
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Figure 10.5: Evolution of tan('P) as obtained by real time spectroscopic
ellipsometry during drying of a solution cast P3HT:PCBM film. The
wavelength of 605 nm is associated with the characteristic vibronic side-
band absorption due to P3HT r-r interaction.

In particular the evolution at 605 nm is of interest because it is related to
the vibronic sideband absorption induced by n-n-stacking of P3HT. Therefore
the evolution of tan(¥) is also given in Figure 10.5. However, the extraction
of information on the structural evolution such as the increase of n-n-stacking
requires a thorough data analysis and modeling of the complex refractive
index for each spectrum. This is beyond the scope of this thesis but showed
the feasibility and potential of this experimental approach.

Another advantage of SE is the high thickness resolution which allows
for the thickness monitoring in the falling rate drying period of P3HT:PCBM
films which are transparent at wavelength higher than about 650 nm (1.9 eV).
Hence the refractive index simplifies to its real part in the near infrared and
the spectra can be fitted with a Cauchy model. In this model, the refractive
index dispersion is given by a polynomial expression: n = A+B/A’+C/’
where A, B and C are coefficients obtained after a fitting procedure. This
approach consists in minimizing an error function which is equal to the
absolute difference between the measurement and the model values using a
Levenberg Marquardt algorithm. Figure 10.6 depicts an excerpt of the ob-
tained thickness evolution in the falling rate period of P3HT:PCBM (1:2)
films. 100 measurements correspond to about 25 s.
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Figure 10.6: Thickness evolution obtained by applying a Cauchy model
in the range of 700-1000 nm to a part of the falling rate period of a dry-
ing P3HT:PCBM (1:2) film.

A 2 Phase diagrams

A 2.1 Solubility parameter concept
The enthalpy of mixing in equation 3.1 can also be described by the solubility

parameter concept

AH
AhM == M

= @1 - ,(81 — 8,)* 10.2

Vsolvent

where Vgyment 18 the molar volume of solvent and §; the solubility pa-
rameter of each substance. The solubility parameter §; of a substance in a
condensed state can be determined from the cohesive energy E.,p, = AHygp —
RT [J/mol] with the molar volume V.

1/2

5= (E;/oh> [(]/Cm3)1/2] 10.3

Solvent with similar values of § show similar solubility which can be re-
fined by separate consideration of degree of hydrogen bonding [255].This
model for the cohesive energy can be refined by dividing the contributions
into dispersion forces, polar forces and hydrogen bonding.
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8% =65+ 65 + 6F 10.4

each parameter can be assumed to depend on temperature. With this ex-
tension the enthalpy of mixing for the solubility parameter concept reads

2
Ahy = @1 @2 [(5d1 ~842)% + (8p1 — 6p2)" + (Bp1 — ahz)z] 10.5

where “1” stands for the polymer and “2” for the solvent. The Flory-
Huggins interaction parameter y, which is considered to be the sum of
entropic and enthalpic contributions y = ys + yy and the solubility parameter
are correlated with the following expression

Vs
x =~ 0.34 + RT (61 — 67) 10.6
XH

The entropic contribution is usually set to ys = 0.34 for non-polar sys-
tems [256, 257]. More detailed information and tabulated solubility parame-
ters can be found in reference [226].

A 2.2 Calibration
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Figure 10.7: Calibration curves of the binary a) P3HT and b) PCBM so-
lutions refractive index dissolved in DCB against the solid mass fraction.

[81]
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Figure 10.8: Exemplary plot of the diode array detector of a size exclu-
sion chromatography (SEC) measurement for a P3HT-PCBM-DCB solu-

tion. [190]

181



10 Appendix

A 2.3 Phase diagrams of other solvents

In addition to the discussed phase diagrams of DCB solutions, this section
comprises measurements of further solvents.

Temperature [°C]

Temperature [°C]

Temperature [°C]

60

a) Chloroform
504
40 N
30 o ©
20 ® o
104 © Sol-Phase P ol
® Gel-Phase
0 T — — T ©
75 80 85 90 95 100
Volume Fraction Solvent ¢, [%]
60
{c) Toluene
50 - ¢ °
40 1 e
30 ° o
20 A [ ] L1}
10+ © Sol-Phase L ©
® Gel-Phase
0 T T f ® f T 4
75 80 85 20 95 100
Volume Fraction Solvent ¢, [%]
60 © °
e) Mesitylene
50 - . ®
40 ] ©
304 [} «
20+ » ;
© Sol-Phase
104 ® Gel-Phase hd y
O T } T L } T T

75 80 85 90 95

Volume Fraction Solvent ¢, [%]

100

Temperature [°C]

Temperature [°C]

Temperature [°C]

60

50

40

30

20+

b) Chlorobenzene
(] ®
[} ©
[ ()]
© Sol-Phase
® Gel-Phase

60

80
Volume Fraction Solvent ¢, [%]

85 100

50

40+

304

20+

104

d) p-Xylene
e o
° L]
® ©
o [ )
© Sol-Phase L ©
® Gel-Phase
T T T T
75 80 85 90 95 100

60

Volume Fraction Solvent ¢, [%]

50

40-

30+

20+

101

f) Tetralin
to ©
—e— o
o (2
o ©
© Sol-Phase ™ ©
® Gel-Phase
T T = T T :)_

75

80 85 90

Volume Fraction Solvent ¢, [%]

Figure 10.9: Solution phase diagrams of P3HT (Rieke Metals 4002E,
Mw = 48900 g/mol, polydispersity 1.7) in different solvents. Each point
was determined in two independent vials. [191]
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Here each point was only determined twice in comparison to four independent
samples as accomplished for DCB. For Flory-Huggins fitting the data is given
in volume fractions.
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Figure 10.10: Solubility limits of PCBM in a) chlorinated and b) non-
halogenated solvents. Each point was determined in two independent vi-

als. [191]

A 2.4 Water sorption into PEDOT:PSS

The measurement of sorption isotherms as shown for P3HT:PCBM and DCB
in section 2.3.2 can be very time and material consuming. For the investigated
material systems the sorption measurement took several months for thick
films of several micrometers. White light reflectometry allows an accurate
and fast thickness measurement at much thinner film down to a few hundred
nanometers. We used a NanoCalc-2000 (Mikropack GmbH) white light (250-
1100 nm) reflectometer provided by the Institute of Nanotechnology. This
technique was used for sorption experiments for the solvent water and the
polymer blend PEDOT:PSS. Figure 10.11a depicts the experimental data and
Cauchy fits for increasingly swollen PEDOT:PSS films under increasingly
humid atmosphere. The Cauchy parameters (section A 1.4) were determined
at dry films as well as the PEDOT:PSS density (pypais0s3 = 1.55 g/cm?) by
helium pycnometry. The neglect of changes in optical properties due to water
sorption leads to an overestimation of absorbed water. This is shown in Figure
10.11 for reflectometry sorption and desorption measurements in comparison
to measurements accomplished gravimetrically at about 20 um thick films in
a climate chamber [258]. However, the reflectometry sorption and desorption
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isotherm could be measured within about one hour in comparison to the
gravimetry experiment which took about 4 months. This shows the potential
of this method which can be improved in accuracy by considering the evolu-
tion of the spectral refractive index
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Figure 10.11: a) Measured reflectance (black) and fitted Cauchy model
(red) with constant spectral refractive index to measurements of differ-
ently swollen PEDOT:PSS (VP Al 4083) film under water humidity. b)
resulting sorption/desorption isotherm as obtained by white light
reflectometry in comparison to gravimetric measurements. [190]

A 3 Morphology of polymer-fullerene blends

A 3.1 Fabrication of organic solar cells

The fabrication of solar cells starts with ITO/glass substrates (4860 mm?) as
shown in Figure 10.12a. Subsequently these bare substrates are cut on the
glass bottom side into a 1616 mm? pattern without braking (Figure 10.12b).
In the following step three stripes of adhesive tape (12 mm width) are put on
top of the ITO surface parallel to the long substrate edge. The tape protects
the ITO layer in the succeeding etching step with smoking hydrochloric acid
for 7 min until no conductivity can be measured anymore at those regions
which were not covered by tape. The reason for ITO structuring will be
explained below. After removing the adhesive tape, the structured substrate
(Figure 10.12¢) is cleaned carefully by repeating sonication treatments in
toluene, acetone and isopropanol. Residual solvent is removed quickly by
nitrogen air jet. The cleaned substrates are subsequently treated by oxygen
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plasma (2 min, 160 W, 40 kHz) and directly used for coating of the hole
conducting layer PEDOT:PSS by knife coating in a laminar flow box (Figure
10.12d). This layer is treated at 120°C for 20 min in a nitrogen glovebox. The
in this thesis mainly discussed fabrication step — coating of the polymer-
fullerene blend — is done in the above mentioned coating and drying setup in
the following (Figure 10.12e).
a) b)

ITO 4

/ 16x16mm [ 16x16mm \ 16x16mm
Glass

PEDOT:PSS
¢ 12mm

-\
Polymer:Fullerene (\ - a l

Figure 10.12: Process steps from the bare ITO/glass substrate to the fi-

nal sub-substrates comprising three solar cells each.

After drying of the active layer, the substrate is broken into 9 pieces of
1616 mm? (Figure 10.12f). The smaller stripe of the substrate on the left in
Figure 10.12b facilitates the coating and substrate splitting steps. In a final
step metal electrodes (usually calcium and/or aluminum) are deposited on top
of these 16x16 mm? pieces through a shadow mask in a vacuum chamber
(Figure 10.12g). Prior to the electrode deposition at one of these 4 electrode
positions the films must be scratched mechanically in order to achieve
electrical contact to the ITO anode on the bottom. Thus, each of the 3 deposit-
ed electrodes serve as cathodes for solar cells with a size of 12x2mm? which
are connected via the ITO anode to the fourth electrode acting as anode
contact. For the characterization of the 3 solar cells a multi contact clamp is
put close to the in Figure 10.12g indicated edge and connects the solar cell
device the characterization equipment. In order to prevent a shortcut between
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cathodes which are deposited on top with the ITO anode underneath, the ITO
had to be removed in the contact area of the contact clamp.

Figure 10.13: a) Residual solvent and/or ambient humidity penetrates
metal cathode during thermal annealing at 150°C and causes holes in
the cathode. b) Defect free cathode after previously desorbed humidity.
[238]

Figure 10.14: Excessive thermal annealing leads to large scale crystal-
lites. [238]

If the samples contain residual solvent and/or humidity the metal elec-
trode gets damaged in the thermal annealing step as shown exemplarily for an
aluminum cathode in Figure 10.13a. It is remarkable that the electrodes are
perforated only on top of the ITO covered regions (right side of dashed line).
It is known that PEDOT:PSS tends to absorb ambient humidity (see section A
2.4), but since everything is covered by PEDOT:PSS the humidity damages
must originate from ITO. If most of the remaining humidity was removed

186



A 3 Morphology of polymer-fullerene blends

prior to electrode deposition, no damages are generated during annealing
(Figure 9.15b). Excessive thermal annealing leads to large scale crystals as
depicted in optical microscope images in Figure 10.14.

A 3.2 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a scanning surface sensitive technique,
which probes the sample surface with a sharp tip (tip curvature is typically
about 5 nm) [104]. Depending on the instrument, either the substrate or the tip
i1s moved in order to realize the scanning process. For soft substances, such as
polymeric and organic films it is common to operate in tapping mode, where
the tip taps on the sample surface at a few hundred kHz. Interaction forces
with the surface, which are mostly dominated by film topography induces
deflection of the oscillating cantilever. The deflection is quantitatively
detected by a tilt of the reflected laser beam causing a shift of the laser spot at
the quadrant diode (Figure 10.15).
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Figure 10.15: Scheme of an Atomic Force Microscope (AFM). The de-
flection of the tip is monitored on the basis of the shifted position of re-
flected laser light at a quadrant diode (According to [259]).

Tapping mode comprises two oscillating signals. First, the driving piezo
oscillations for the generation of the tapping tip and second the real oscilla-
tion of the tip including all kinds of interaction with the sample. Hence, this
mode provides additional information about the lateral surface properties
through harmonic analysis, delivering the so called phase image. Contrast in
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the phase image can originate from different material properties, such as
differing elasticity, adhesion of the tip or hydrophilicity causing attractive and
repulsive forces [260]. Although AFM might reveal crystalline and fibril
structures in the phase images, it is not possible by solely this technique to
distinguish amorphous and crystalline regions or different materials. Also the
buried bulk structure of films cannot be accessed. Further applications of
scanning probe techniques can be found in references [71, 72]. For the bulk
film structure microscopic methods operating in transmission and for the
determination of crystalline structures X-ray techniques are suitable.

A 3.3 Scanning Transmission Electron Microscopy (STEM)

In order to obtain an overall image of the bulk film structure, Scanning
Transmission Electron Microscopy (STEM) was used in transmission normal
to the surface which was previously investigated by AFM. As the name
suggests, STEM 1s a combination of Scanning Electron Microscopy (SEM)
and Transmission Electron Microscopy (TEM). The scanning electron beam
is focused on the sample, which has been transferred onto a common copper
grid. During penetration electrons interact with the sample. The transmitted
and scattered electrons can be detected at different angles. The particular
detectors are bright field (BF), annular dark field (ADF) and high angle
annular dark field (HAADF) detectors from the center of the direct beam to
wide angles.

The advantage of the HAADF detector is the higher sensitivity for low
contrast samples in comparison to bright field TEM due to the detection of the
scattered electrons, which contain more information about the sample struc-
ture than the direct image of transmission [84]. This is beneficial for organic
semiconductors, which are mostly low contrast materials due to a very similar
composition of mainly carbon and hydrogen.

A 3.4 STXM and NEXAFS measurements

Scanning Transmission X-ray Microscopy (STXM) and Near Edge X-Ray
Absorption Fine Structure (NEXAFS) analysis was conducted in collabora-
tion with Bjorn Briauer at Stanford Synchrotron Radiation Lightsource
(SSRL). The lateral resolution can be up to 30-50 nm. For details about this
technique please see reference [261]. X-ray transparent samples have been
prepared similar to STEM or TEM sample preparation by film transfer to a
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common copper TEM grid. This was possible due to the water soluble
PEDOT:PSS layer.

Figure 10.16a depicts the STXM image of a P3HT:PCBM film dried at
15°C. In correlation with AFM topography images the dark area can be
identified as thick area (peak) and grey regions as thinner regions (valley).
NEXAFS spectroscopy is sensitive to the chemical composition. Figure
10.16b shows the related NEXAFS spectra to the peak (black area) and valley
(grey) regions. Beside the stronger absorption in the peak region due to higher
film thickness, both spectra are similar. This indicates a similar chemical
composition of peak and valley regions in the P3HT:PCBM topography.
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Figure 10.16: a) STXM image of a P3HT:PCBM (1:0.8) film processed
from DCB at 15°C. The inset shows an AFM topography image of the
same sample with a color topography scale of 100 nm. b) Associated
NEXAFS spectra of the as “grey” and “black” denoted regions.

A 3.5 Influence of drying temperature

Figure 10.17 depicts drying kinetics for different drying temperatures. The
lines are fitted to reflectometry measurements whereas the symbols indicate
the estimated dry film state when the optical film properties remain constant.
Since the calculations assume pure gas phase limitation of the drying, they
only cover the constant rate drying period. The period of time between the
end of the line plots and the symbol represents the falling rate period. It is
remarkable that the offset between the end of constant rate period and the dry
state increases with decreasing drying temperature.
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Figure 10.17: Fitted P3HT:PCBM film drying kinetics to reflectometry
measurements at different drying temperatures (lines). Symbols indicate

the instant of constant photovoltage, where the optical film properties

remain constant. This instant is referred as dry state.

Table 10.1: Device performance of doctor bladed P3HT:PCBM films
fabricated in ambient atmosphere at different drying conditions. An ad-
ditional annealing step of 5 min at 150°C was applied. The average film
thickness was about 310 nm = 90nm. Device characterization was per-

formed in N, atmosphere at room temperature.

Annealing 150°C, Jse Ve n TNmax
Smins

Drying Conditions [mA/cm?] [V] [%] [%] [%]
15°C, v=0.15m/s -9.9+0.3 0.50+0.01 40.4+1.5 2.0£0.1 2.1

15°C, v=0.5m/s -9.7+0.3 0.50+0.01 40.5+¢1.4 2.0£0.1 2.1

25°C, v=0.15m/s -9.9+0.3 0.51£0.03 38.7£1.9 2.0+£0.2 2.1

25°C, v=0.5m/s -8.0+0.3 0.55+0.01 41.4+1.1 1.8+0.1 1.9
40°C, v=0.15m/s -5.8+0.8 0.42+0.14 19.0+4.8 0.4+0.0 0.5

40°C, v=0.5m/s -4.8+0.3 0.35+0.05 21.1£2.1 0.4+0.0 0.4
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V,,=0.5m/s

Figure 10.18: Low energy HAADF-STEM images taken at 15 keV of
P3HT:PCBM films cast from DCB at different drying conditions. Aver-
age film thickness was 120nm. Scale bars are 3um and 300nm for the
main images and the insets respectively.

191



10 Appendix

192

10umMx10um | 10umx10um

TUMXTum 1pmx1pm(phase) _

scalebar 30nm scalebar 6

e) 40°C slow

Scalbbar4 m.-h By 8 '-,__. 1 Scalébar 3‘" Sind i

Figure 10.19: Series of 15 keV HAADF STEM (10x10 um?) and AFM
(10x10 um? and 1x1 um?) images. Among others these 10um>10um
AFM images were used for the roughness analysis. The average film
thickness is 350 nm + 28nm. [81]
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A 3.6 Influence of 1,8-octanedithiol on film structure

While Figure 10.20 shows P3HT:PCBM films as cast after ODT processing
Figure 10.21 shows the same samples after an additional thermal annealing
step at 150°C for 5 min. Figure 10.22 summarizes the root mean square
roughness obtained from 10x10 um?> AFM images of Figure 10.19, Figure
10.20 and Figure 10.21

0nm 200 nm
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40°C

Figure 10.20: Overview of AFM topography images of ODT processed
P3HT:PCBM films at different drying conditions. Large and inset image
dimensions are 10x10 um? and 1 x1 um? respectively. [238]
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Figure 10.21: Overview of AFM topography images of ODT processed
and subsequently thermally annealed (Smin at 150°C) P3HT:PCBM

films at different drying conditions. Large and inset image dimensions
are 10x10 um? and 1 <1 um? respectively. [238]
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Figure 10.22: Root mean square roughness of P3HT:PCBM films cast
from pure DCB (black bar) or DCB and ODT (white bar and patterned
bar after 5 min, 150°C annealing) at different drying conditions deter-
mined at 10%10 um? tapping mode AFM images. [238]

A 3.7 Influence of solvents on film structure

The structure of P3HT:PCBM films cast from the solvents indane, chloro-
form-indane, toluene-indane and o-xylene-indane gives similar 2D GIXD
patterns as shown in Figure 10.23. The structural data obtained by point
detector measurements of these films is listed in Table 10.2.
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a) Indane b) Chloroform-Indane

Figure 10.23: GIXD patterns of P3HT:PCBM films cast on
PEDOT:PSS/ITO/glass substrates from a) indane, b) chloroform-indane,

¢) toluene-indane and d) o-xylene-indane. [239]

Table 10.2: Structural data for P3HT and PCBM obtained from the
GIXD data for films cast from different solvent mixtures at room temper-
ature: spacings d associated with the (100) and (020) Bragg reflections
of P3HT and those of PCBM and mean coherence length L along those

crystallographic directions. Film thicknesses were 170-180nm. [215]

Solvent dioo Lioo do2o Lo2o dpcpm Lrcem
[nm]  [am]  [am]  [nm] [nm] [nm]
Chloroform-Indane 1.6 15.2 0.38 11.8 0.45 2.9
Toluene-Indane 1.6 15.2 0.38 11.8 0.45 2.9
0-Xylene-Indane 1.6 16.4 0.38 10.2 0.45 2.9

A 3.8 Structure formation of low band gap polymers

The structure of PSBTBT:PC7;BM films does not depend systematically on
drying conditions as above discussed for P3HT:PCqBM. Figure 10.24
summarizes AFM and STEM images conducted on the same samples as used
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for solar cell fabrication. Film thicknesses and solar cell characteristics are

given for the as cast devices in Table 10.3and for annealed devices in Table
10.4.

Topography

-

' -
1%.02x 0.2 pum?

Figure 10.24: AFM images of PSBTBT:PC7;BM films of the investigated
solar cells fabricated at different drying temperatures. AFM topography
images (left column) are shown in comparison to the related phase im-
ages (middle column). The right column shows associated STEM images.
The image scales are given in the first row. [252]
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Table 10.3: Device characteristics of PSBTBT:PC;;BM (1:2) solar cells
as cast from DCB solution at different drying temperatures and 0.15 m/s

drying gas flow. [252]

Drying Temp. d Voc Jsc FF n Mmax
°C nm A% mA/cm? % % %

40°C 73 0.21£0.19 -12.7£3.4 19.3£19.7 1.2+1,7 5.0
60°C 90 0.32+0.19 -14.5+£2.5 29.7+16.0 1.9+1.6 4.8
75°C 79 0.38+0.20 -14.0+1.4 33.0£15.7  2.3£1.6 4.6
85°C 101 0.34+0.24 -12.84£3.0 30.4£19.2  2.1£19 4.7

Table 10.4: Device characteristics of PSBTBT:PC;;BM (1:2) solar cells
cast from DCB solution at different drying temperatures and 0.15 m/s
drying gas flow and thermal treatment for 5 min at 150°C. The annealing
was carried out after cathode deposition. [252]

Drying Temp. d Voc Jsc FF n Nmax
°C nm A% mA/cm? % % %
40°C 73 0.58+0.01 -13.5+0.4 51.6+2.0 4.1£0.2 4.3
60°C 90 0.60+0.00 -14.4+0.6 49.3+£1.0 43+0.2 44
75°C 79 0.60+0.00 -13.3+0.5 50.1+1.1 4.0+0.2 43
85°C 101 0.60+0.01 -13.4+0.4 47.342.0 3.840.2 4.1
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A 4 Material properties

Used solvents

Substance CAS number Structure
Toluene 108-88-3 |/\\Q\/.CH3
Methylbenzene NF
p-Xylene 106-42-3 CH,
1,4-Dimethylbenzene
CH
o-Xylene 95-47-6 Chs
CH
1,2-Dimethylbenzene ©/
Mesitylene 108-67-8 CHs
-
1,3,5-Trimethylbenzene |
HC /( \'f”J\c Hs
Indane 496-11-7 -
Benzocyclopentane &
Tetralin 119-64-2
1,2,3,4-Tetrahydronaphthalene ©O
Chlorobenzene 108-90-7 Q
o-Dichlorbenzene 95-50-1

1,2-Dichlorobenzene
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Chloroform 67-66-3 H
Trichloromethane o k """ cl

Cl
1,8-Oktandithiol 1191-62-4 S
Used polymers
Substance CAS number Structure
P3HT 104934-50-1

Poly(3-hexylthiophene-2,5-diyl )
M,,=40-60 kg/mol, PDI= 1.7-1.9,

[\
90-94% regio regular <
4002E, Rieke Metals
PCPDTBT 920515-34-0 / )
b

Poly{[4,4-bis(2-ethylhexyl)-cyclopenta-(2,1-
b;3,4-b’)dithiophene]-2,6-diyl-alt-(2,1,3-
benzothiadiazole)-4,7-diyl}

Konarka Technologies Inc.

PSBTBT 1160106-18-2

Poly {[4,40-bis(2-ethylhexyl)dithieno(3,2- g é
b;20,30-d)silole]-2,6-diyl-alt-(2,1,3- ’ WS,
benzothidiazole)-4,7-diyl} (31 L/
Konarka Technologies Inc. '
PEDOT:PSS (1:6 by wt.) 126213-51-2 M\
Poly(3,4-ethylenedioxythiophene) ;};\i_){} %
poly(styrenesulfonate) as aqueous dispersion ¥ n Q
Clevios P VP AI 4083, Heraeus sor
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Used fullerene derivatives

Substance

PC¢BM

[6,6]-Phenyl C61-butyric acid methyl ester
M,, = 910.9 g/mol, purity >99%

Solenne B.V.

PC;:BM

[6,6]-phenyl C71-butyric acid methyl ester
M,, = 1031.0 g/mol, purity 99%

Solenne B.V.

CAS number Structure
160848-22-6

609771-63-3 /j
|

A 4.1 Density

The density of the used liquids can be calculated according to equation
10.7. Appropriate parameters are listed in.

p=a-8"0"%) [g/cm?

10.7

with T = Temperature in Kelvin

A B, T,n = fitted constants
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Table 10.5: Parameters for density calculation according to equation
10.7. Data is taken from [164].

Solvent A B T. n Temp. range p(25°C)
[K] [K] [g/cm’]
Toluene 0.29990 0.27108 0.29889 591.79 178-592  0.8645
p-Xylene 0.27984 0.26003 0.27900 616.26  286-616  0.8577
o-Xylene 0.28381 0.26083 0.2741 630.37  248-630  0.8764
Mesitylene 0.27770 0.25909 0.27982 637.36  228-637  0.8614
Indane 0.31019 0.26117 0.30223 684.9 222-685  0.9599
Tetralin 0.29840 0.25750 0.26770 720.15  237-720  0.9671

Chlorobenzene 0.37818 0.27648 0.29036 632.35 228-632 1.1007
o-Dichlorbenzene 0.41887 0.26112 0.30815 705.00  256-705 1.3013
Chloroform 0.49807 0.25274 0.28766 536.40  210-536 1.4800
Trichlorethylen 0.50416 0.26952 0.28571 571.00 188-571 1.4577

Table 10.6: Solid densities of the used materials. [139]

Substance 15°C 25°C 30°C 40°C

[g/cm’] [g/cm’] [g/cm’] [g/cm’]
P3HT 1.077% 1.064*/1.111° 1.056 1.026°
PCBM 1.451° 1.445%/ 1.596" 1.442° 1.438°
PEDOT:PSS - 1.551° - -
(VPAI 4083)

“ calculated from liquid densities of DCB solutions concentration series,
> obtained in the solid state by helium pycnometry
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A 4.2 Vapor pressure

The vapor pressure of the liquids used for film drying simulations can be
calculated according to equation 10.8. Appropriate parameters are listed in
Table 10.7.

logiopi =A+=+C-logioT+D-T+E-T? 10.8
with p; = vapor pressure of species i in Torr
T = Temperature in Kelvin

A B,C,D,E = fitted constants

Table 10.7:Parameters for vapor pressure calculation according to
equation 10.8. Data is taken from [164] except for 1,8-octanedithiol
(ODT) which was taken from [262] and gives the pressure in Pascal.

Solvent A B C D E Temp. p(25°C)
range
°C mbar
Toluene 34.0775  -3037.9 -9.1635 1.0289E-11  2.70E-06  -95-319 37.9

o-Xylene 37.2413  -34573 -10.126  9.07E-11 2.61E-06  -25-357 8.84
Indane 37.3577  -3733.7 -10.040 6.3179E-11  2.21E-06  -51-412 2.05
o-DCB 31.3614  -3522.6 -7.8886 -2.225E-10 1.1842E-06 -17-432 1.81
Chloroform  56.6178  -3246.2 -18.7 9.52E-03 1.16E-12  -64-263 262.9
1,8-ODT 6.22706  1881.086 -96.864 - - 132-269  [3.3*

*Due to the low vapor pressure of ODT at room temperature its vapor
pressure is given for the lower validity limit of 132°C.

A 4.3 Gas phase diffusion coefficient

The gas phase diffusion coefficient of component i in component j can be
calculated by the group contribution method as suggested by Fuller et al.
[150]
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~ 105
~_ 000143-T%7° |M; + M| em?
ij 1/3 2 S 10.9
V2 @2+ (2y) ]
with T = Temperature in Kelvin
p = pressure in bar
M; = molar mass of component i in g/mol
2v; = diffusion volumes

Table 10.8: Parameters for the calculation of gas phase diffusion coeffi-
cients according to equation 10.9. [150]

Toluene o0-Xylene Indane o-DCB Chloroform 1,8-ODT Air

Molar Mass  92.1384 106.1650 118.2 147.0 119.4 178.4 28.96
[g/mol]
Diffusion 111.48 132.00 14790 128.34 81.21 214.58 20.10
Volume

A 4.4 Refractive index

Table 10.9: Refractive indices at 589 nm used for the reflectometry anal-
ysis with the temperature T in degree centigrade. The solid refractive in-
dices were determined from DCB solution concentration series. [139]

Substance n; (20°C)

Toluene 1.4937

o-Xylene 1.5023

Indane 1.5324
o-Dichlorobenzene —-5-107*-T + 1.5617
P3HT —0.0014 - T + 1.8347
PCBM 3:107°-T2—0.0034-T + 1.9816
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A 4.5 Phase equilibrium of solvent-solvent mixtures
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Figure 10.25: Activity coefficients of the mixtures a) o-xylene(l)-
indane(2), b) toluene(l)-indane(2), c) chloroform(l)-indane(2) and d)
chloroform(1)-o-dichlorobenzene according to UNIFAC. [139, 160]
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